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Abstract of Doctoral Dissertation:
This research deals with one aspect of the scientific 
field of hydrogen in metals. The study of hydrogen in metals 
is technologically important for many reasons, among them is 
the use of hydrogen in metals to store energy. Hydrogen 
related energy technology is particularly attractive because 
hydrogen can be extracted from water, our most abundant 
resource, and can be used without any pollution. Metal 
hydrides may one day be widely used for automotive propulsion 
in cars, in batteries, and many other energy conversion 
devices. Amorphous NiZr is particularly interesting for 
hydrogen storage because high concentrations of hydrogen can 
be sorbed and desorbed repeatedly with only small deleterious 
effects to the metal.
The motion of hydrogen and deuterium in amorphous nickel 
zirconium alloys (a-NiZr) has been studied and some 
properties of the local atomic structure in this amorphous 
metal have been deduced. This has been accomplished with 
nuclear magnetic resonance experiments measuring the spin 
lattice relaxation rate R, as a function of temperature and 
resonance frequency. Hydrogen can diffuse into and then 
through metals by hopping among interstitial positions. In 
a-NiZr the interstitial hydrogen positions are the centers of 
tetrahedra, with metal ions at the corners of the tetrahedra. 
Diffusive hydrogen motion occurs via classical over the 
barrier jumps, with a Gaussian distribution of activation 
energies for diffusion. The existence of a distribution of 
activation energies for diffusion is evidence supporting the 
densely packed random sphere model for the atomic structure 
of amorphous metals. The low temperature R1 data is 
anomalous. Precipitation of Ni clusters out of the a-NiZr 
lattice may be occurring and causing unexpected spin lattice 
relaxation.
x
NUCLEAR MAGNETIC RESONANCE STUDIES OF 
AMORPHOUS NICKEL-ZIRCONIUM HYDRIDES
INTRODUCTION
An investigation of the motion of hydrogen atoms within 
amorphous nickel-zirconium alloys has been conducted. 
Nuclear magnetic resonance has been used to study this 
hydrogen motion.
Metal hydrides are materials of great technological 
importance and exciting potential applications. As a means 
of motivation for this research a synopsis of the state of 
the art in applications of metal hydrides is presented in the 
background chapter (II). Also included in chapter II are 
introductions to some relevant aspects of the fields of 
amorphous metals and nuclear magnetic resonance. Chapter II 
is intended as an introduction to the three most relevant 
scientific fields for this dissertation.
After this introductory glance at the relevant 
scientific fields, the details of the experimental work will 
be highlighted in chapter III. Chapters IV and V explain the 
theoretical models chosen to describe hydrogen motion in 
these alloys. With these models experimental NMR data will 
be interpreted and information about H motion in these 
amorphous nickel-zirconium hydrides (a-NiZr) will be 
extracted. In the results chapter (VI) the collected data 
and the fits of our model to this data are presented. 
Finally, in the discussion (VII) and conclusion (VIII)
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chapters the information that has been extracted about 
NiZrH is presented.
II. BACKGROUND
A. Metal hydrides
Some metals have the propensity to absorb large amounts 
of hydrogen.1,2 Gaseous hydrogen (H2) surrounding a metal 
first is adsorbed onto the surface of the metal. Second, a 
dissociation of the hydrogen molecule occurs in which two 
single hydrogen atoms are formed. These single hydrogen 
atoms are located between metal ions with a mean position at 
a minimum of the local potential energy. Third, the hydrogen 
atom moves from the surface of the metal into the bulk of the 
metal itself by hopping within the metal to another minimum 
in the local potential energy. Once in the bulk of the metal 
the hydrogen is very mobile and hops among minima in the 
local potential energy. These spatial locations between 
metal ions that are local minima in the potential energy of 
the lattice are called interstitial positions or interstices.
Hydrogen metal systems are of particular interest 
because of the high concentrations of hydrogen that can exist 
in metal hydrides. Other gases and impurity atoms can be 
interstitially located in a metal, but hydrogen is capable of 
the largest concentration in a metal and the fastest 
diffusion rate3 of any interstitial impurity. The 
concentration of hydrogen is typically measured as a hydrogen
to metal (H/M) ratio and in metal hydrides H/M ratios can be 
as large as two or even three.
These high concentrations of hydrogen in metal hydrides 
mean that the density of hydrogen in a metal hydride is 
greater than the density of hydrogen in liquid hydrogen. 
Thus hydrogen can be stored in a metal hydride volumetrically 
more efficiently than as a gas or even as a liquid. State of 
the art metal-hydride hydrogen storage units can store the 
same amount of hydrogen as a gas cylinder in a volume that is 
only 60% of the gas cylinder's volume.4
1. Applications of metal hydrides
The various practical applications of metal hydrides are 
based on their ability to store large amounts of hydrogen. 
There is a plethora of possible applications for metal 
hydrides with hydrogen as an energy vector.5 Hydrogen is an 
energy vector because it is a means to transfer energy, not 
a source of energy. Typically, hydrogen is produced by the 
electrolysis of water or the gasification of coal or natural 
gas.
Since the 1970s there has been talk of the world energy 
markets transforming from an economy based on fossil fuels to 
a hydrogen based energy economy. Hydrogen is a very 
attractive energy vector because it can be transformed into 
usable energy in virtually pollution free processes. For 
example, hydrogen can be transformed into mechanical energy 
by internal combustion engines with water as an exhaust.
Pollution levels from such a hydrogen burning engine are 
approximately 1% to 10% of a gasoline burning engine.6
The concept of a hydrogen based energy industry has been 
around a long time but has never blossomed into reality. But 
progress towards this has been made gradually. Some of the 
most interesting and recent specific examples of applications 
of metal hydrides toward a hydrogen based energy economy are 
listed below.
1. A fleet (5 cars and 5 vans) of hydrogen powered vehicles 
has been built and tested by Mercedes-Benz6,7 with Ti-Mn 
based metal hydride hydrogen storage units.
2. A very compact fuel cell combining metal hydride stored 
hydrogen with oxygen to produce portable electricity has 
been built. One of these fuel cells is being developed 
as a portable power supply for NASA "manned 
extravehicular activities" from the upcoming United 
States Space Station.8
3. Batteries utilizing metal hydrides have also been built. 
One example is the Ni-H2 battery that is widely used in 
space applications.9,10 A very recently developed 
battery has been designed with Ni as one electrode and 
a-NiZr as the other. This is basically a Ni-Cd battery 
with amorphous Ni-Zr (non-toxic) substituted for Cd 
(toxic) .11
Amorphous Ni-Zr is particularly interesting for hydrogen 
storage because high concentrations of hydrogen can be 
absorbed and desorbed into and out of the metal repeatedly
7with only small deleterious effects to the metal. This 
property may lead to improved applicability of metal hydrides 
to actual energy conversion devices. In fact, Ryan et al. 
are exploiting this property of a-NiZrH ribbons in batteries 
they are developing.11 They electrolytically cycle H in and 
out of the metallic ribbons and find that the ribbons retain 
their structural integrity. At present, a significant 
complication in most metal hydride energy conversion devices 
is that cyclical sorption and desorption of H into and out of 
metal hydrides causes the disintegration of the metal hydride 
into micron sized particles. If the metal remained intact 
some major engineering difficulties to using metal hydrides 
in most energy conversion devices would be eliminated. The 
underlying cause for a-NiZr to retain structural integrity 
with H cycling most probably is tied to the lack of phase 
transformations with changing H concentration and the 
amorphousness of the material.
2. Scientific Interest
Understanding the properties of hydrogen in metals is a 
very interesting pursuit in and of itself. Many questions 
can be posed about H in a metal, I will categorize some of 
these questions based on whether the question is about a 
static or dynamic property of the material. Questions about 
the statics of H in a metal include: Where does the H reside
within the metal?, Does the H atom totally or partially lose
its electron to the electronic band structure of the host 
metal?, How is the atomic arrangement and electronic 
structure of the host metal affected by the added H?, How 
much H can the metal hold? Dynamic questions include: What
is the mechanism producing diffusive H motion?, How long 
does the H stay in a given position?, How much energy is 
involved in a given H jump?, Are individual H jumps 
correlated with each other in any way?
With investigation of these aspects of metal hydrides, 
H becomes a probe of the interatomic interactions occurring 
in metals and the atomic and electronic configurations within 
them. A good introduction and overview of currently 
investigated scientific properties of metal hydrides has been 
done by Alefeld and Volkl.12
This dissertation is most concerned with the properties 
of H motion in these alloys and will address all the 
questions posed above about the dynamics of H motion. The 
answers to the above questions will be briefly discussed 
here. We will find that the driving force for H motion is 
the thermal energy of the lattice and that in a-NiZr H motion 
is a classical over-the-potential-energy-barrier type of 
motion. We will find that the mean time of residence at a 
given site is temperature dependent and approximately 1/2 
nanosec at 500 K and 1 /zsec at room temperature (300 K). 
Furthermore, we will find that the energy needed for a H jump 
is approximately 400 meV and that there are no correlations 
between H jumps. For metal hydrides in general, all of these
properties are dependent both on the composition, and the 
phase of the metal hydride. The driving force for H motion 
is always thermal energy. Quantum mechanical effects have 
been found in Nb,13 but usually H motion has been found to be 
classical. The mean residence times of H at a site and the 
energy for a jump are sample dependent and can vary very 
much, but the values above for a-NiZrH are typical (within an 
order of magnitude) of many metal hydrides.
As for the questions about the static properties, all 
questions will be addressed in this dissertation, and for now 
a quick discussion of the answers will suffice. As explained 
at the beginning of this chapter atomic hydrogen sits 
interstitially in the host metal lattice; more will be said 
later. In chapter VII the details of how the electron of the 
H atom is incorporated into the band structure of the host 
metal will be discussed and in chapter IV we will discuss how 
the capacity to hold H depends on the Ni/Zr ratio.
For metal hydrides in general, the static properties of 
metal hydrides are dependent on the composition of the 
material, but in general they are similar to those just 
described for a-NiZr. However, a particularly interesting 
universal property of metal hydrides is the volume of a 
hydrogen atom within a metal. Baranowski et al.H first 
observed and Peisl15 later confirmed for more materials that 
all metal hydrides expand at the rate of 2.9 A3 per 
additional H atom. They find this true for alloys in single 
phase regions with H/H < 0.7. This indicates that there is
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"a unique size of the hydrogen atom in many materials".16
Metal hydrides are a uniquely qualified system in which 
interstitial diffusion can be studied. Hydrogen motion in 
metal hydrides is the fastest interstitial motion that has 
been found to occur. Furthermore, many H isotopes are 
available to study the isotope effect on interstitial 
diffusive motion. These isotopes of course include deuterons 
and tritium, but muons (m+) and pions (jt+) also behave as 
light hydrogen isotopes. Since quantum mechanical effects in 
interstitial diffusive motion depend on the mass of the 
moving particle, the existence of all of these isotopes makes 
the study of possible quantum mechanical effects easier.13
B. Amorphous mstals
An amorphous metal is distinguished by the random nature 
of the arrangement of atoms within the metal. In solids, 
each atom that comprises a material resides on average in a 
specific spatial location. Often this location is called a 
lattice site or lattice point. See figure 1 for a comparison 
between the atomic arrangements of amorphous and crystalline 
metals. As depicted there both crystalline and amorphous 
metals have a close-packed structure with fairly well defined 
positions for neighboring atoms. However, in the crystalline 
system the local arrangement of atoms is exactly replicated 
in every region of the crystal, while in the amorphous system 
there are slight variations in the local arrangement of atoms 
from one region of the material to another. The critical 
difference between amorphous and crystalline solids is the 
absence of long range order in amorphous solids; see figure 
1 .
In the crystalline metal, analysis of the local order in 
region A enables one to determine the exact positions of the 
atoms in region B (see figure 1). In the amorphous metal, 
analysis of the local order in region A does not enable one 
to determine the positions of the atoms in region B (see 
figure 1). There can be short range order and long range
11
12
Crysta l l ine Amorphous
A
B B
FIGURE 1: Crystalline and amorphous atomic arrangements.
disorder because the slight variations in local order in the 
amorphous metal compound over large distances. Beyond first 
and second nearest neighbors the local order in one region 
has very little correlation with the local order in another 
region.
There are various techniques for fabricating amorphous 
metals.17 For most of them the initial condition of the metal 
is a liquid or vapor phase and a rapid cooling of the metal 
to a solid phase occurs. A simple example of rapid 
solidification processing is melt-spinning. Metal is melted 
by an induction coil heater and held in a pressurized 
container above a rapidly spinning copper wheel. The wheel 
should be water cooled to quickly dissipate heat, and the 
speed of the wheel's surface should be on the order of 500 
feet per second. When a small (-1 mm diameter) stream of 
molten metal is ejected by gas pressure onto the spinning 
wheel, rapid solidification (~l09*C/sec.) of the metal
13
occurs. A ribbon of metal shoots from the surface of the 
wheel, hopefully in an amorphous state.
1. Scientific interest
Among the amorphous solids, amorphous metals are unique 
in their atomic arrangement because of their metallic nature. 
The metallic bonding among atoms leads to an atomic 
arrangement that can be modelled as a dense random packing of 
hard spheres (DRPHS). An analogy can be made between the 
atoms in the DRPHS model and peas randomly arranged in a pot, 
or oranges carelessly strewn in a grocer's bin (recall figure 
1). This atomic structure differs from the atomic structure 
in organic glasses (plastics), silicate glasses (window 
glass), and chalcogenide glasses. In these latter three 
classes of amorphous solids the atomic structure must be 
modeled as a continuous random network (CRN) of balls (the 
atoms) and spokes (the bonds between atoms). This type of 
structure occurs because the bonding potential (typically 
covalent) in these solids has a distinct directional 
character which is most simply modeled as spokes between 
atoms. Thus, the isotropic nature of metallic bonds leads to 
a DRPHS model for amorphous metals, while the anisotropic 
nature of covalent bonds leads to a CRN model for most other 
amorphous solids.
The DRPHS model for atoms in amorphous metals is 
basically the same as models for the simplest liquids. One 
may even consider an amorphous metal to have the "frozen in"
atomic structure of a simple liquid. The connection between 
liquid and glass phases is of great scientific interest and 
amorphous metals are a uniquely suitable laboratory in which 
to study this connection. Especially interesting are some 
molecular dynamic simulations of random closed packed 
structures and the phase transitions from liquid to amorphous 
or crystalline solid.18 These simulations help to clarify the 
similarities and disparities between the crystalline, 
amorphous, and liquid phases of condensed matter. All atomic 
structures in the condensed phases of matter are some sort of 
minimum in the many particle potential energy. Perfect 
crystals are at an absolute minimum, defective crystals a 
slightly higher minima, amorphous solids still higher, and 
liquids still higher19. Note that even though amorphous 
metals and liquids have a randomness associated with them, 
they both still possess inherent structure in the arrangement 
of atoms comprising the amorphous metal or liquid.
An emphasis must be placed on the fact that amorphous 
solids are distinctly different from crystalline solids and 
are not simply unstable aberrations from crystalline solids. 
A crystalline packing of the atoms will be the lowest energy 
configuration of the atoms, but an amorphous packing of atoms 
is also a distinct minimum in the many particle potential 
energy and the amorphous solid will have no tendency towards 
crystallinity. Only an external cause, such as raising the 
temperature of the amorphous solid above the glass transition 
temperature, will crystallize the material. "Once formed,
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glasses can persist without practical limit (>109 years)."20 
A very illustrative analogy between amorphous solids and 
diamonds can be made:
Diamond, the hardest substance known...is 
metastable. The lowest energy configuration of a 
collection of carbon atoms is not as diamond but 
as graphite, which is the stable thermodynamic 
phase at standard temperature and pressure. 
Despite their metastability, 'diamonds are 
(effectively) forever'; a diamond is in no danger, 
and persists indefinitely at STP.20 
Thus just as a diamond is metastable and able to persist 
forever, amorphous solids are able to persist forever even 
though they are metastable.
2. Practical applications 
The primary markets for amorphous metals are in brazing 
materials and transformer cores. The size of these
markets, primarily the transformer core one, has led to mass 
production of amorphous metals (60,000 tons/year capacity).21
In brazing, two metal pieces are joined by melting a 
filler metal placed between them. It is similar to soldering 
but at a higher temperature. Rapidly solidified metals 
(amorphous and microcrystalline) are usually more ductile and 
have lower levels of gaseous impurities than conventionally 
rolled metal foils. In addition, some metalloid atoms, that 
are often included in rapidly solidified metals, promote
self-fluxing of the brazing metal. All in all, the 
ductility, high purity, flexible alloying possibilities, and 
even the geometrical shape of rapidly solidified ribbons, 
make them a perfect brazing material.22
In transformer cores a high magnetic permeability and 
minimal energy loss in the B-H hysteresis loop is desirable. 
Amorphous metals have been developed for power distribution 
transformers that enable a 70% reduction in the energy loss 
in the transformer core.21
C. Amorphous mstal hydrides
In this section some of the more interesting 
characteristics of metal hydrides that are formed from 
amorphous metals will be highlighted. Crystalline metal 
hydrogen systems cam exist in several phases. With addition 
of hydrogen the system can change from the solid solution (a) 
phase (a metal with hydrogen induced distortions in the 
crystalline lattice) to a new phase with distinctly different 
crystallographic structure, with both metal ions and H ions 
defining the lattice points. This new phase is called a 
metal hydride phase, and in general has different crystalline 
symmetry than the host metal and the solid solution phase. 
The most specific definition of the term metal hydride is a 
metal hydrogen system in such a metal hydride phase. In this 
dissertation, the most general definition of a metal hydride 
will be used, i.e. a metal within which there is hydrogen.
The experimental evidence of a metal hydride phase 
change is typically a plateau in the pressure composition 
isotherm. The schematic P-C-T isotherms in figure 2 show the 
equilibrium H gas pressure external to the metal associated 
with a given hydrogen to metal (H/M) atomic ratio within the 
metal. The plateau in the crystalline hydrogen-metal system 
is a two phase region in which the solid solution (SS) and
17
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FIGURE 2: Schematic Pressure-Composition Isotherms
metal hydride (M-H) phases coexist. This plateau in the
crystalline P-C-T isotherms is caused by a phase
transformation to the metal hydride phase. At the low 
concentration end of the plateau the solid solution phase 
becomes saturated and the metal hydride phase begins to form. 
Then tiny increases in H pressure cause a phase change from 
solid solution to metal hydride phase until at the high 
concentration end of the plateau the whole sample is in metal 
hydride phase. Note that there is no such plateau in the
amorphous metal - hydrogen system.
Such a plateau is a commonly used and easily accessible 
indicator of such a phase transformation. Much searching has 
been done for such a plateau in amorphous metal hydrides but 
none have been found. 2 3 , 2 4 , 2 5 This implies that the solid 
solution to metal hydride phase transformation in crystalline 
metals depends on the existence of long range order (i.e. 
definite crystallographic point symmetry). A plateau in a P-
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C Isotherm is pursued partially because It Is an Indicator of 
a phase change, but primarily because some of the practical 
applications of metal hydrides hinge on such a plateau In the 
P-C behavior. 2 6 However, It should be recognized that there 
are other means (Including NMR) to detect phase 
transformations and/or the existence of multiple phases in a 
metal hydride besides P-C-T data.
The simplest conceptualization of multiple phases in an 
amorphous metal hydride is a two phase system in which H is 
interstitially occupied only in certain clusters within the 
amorphous metal matrix. There will be spatial regions within 
the metal, in which H has been absorbed, imbedded in the 
unhydrided original amorphous metal matrix. A discussion of 
how two phase behavior could affect our R1 measurements will 
be given below, but first a discussion of the theoretically 
derived prerequisite conditions for two phase behavior will 
be presented.
The possibility of two phase behavior in amorphous metal 
hydrides has been theoretically analyzed by two researchers 
and they have separately determined the conditions necessary 
for a phase transition to occur. 2 7 ' 2 8 Both agree that a phase 
change can occur in amorphous metal hydrides, but they 
disagree on the conditions necessary for such a phase change. 
Griessen predicts that the product of: a) the strength of
the H-H interaction, and b) the probability that the energy 
of the H site is equal to the mean energy in the distribution 
of H site energies, must exceed a critical value for a phase
20
change to be possible. Further, Griessen expects "Zr^ PdjQ, 
Zr^ CUj,,, La7 6Au24, and Zr7 6Rh2 4 to be potential candidates for 
amorphous alloys" in which a phase change is probable. 2 9  
Richards disagrees with Griessen's use of mean field theory 
and instead models the hydrogen in amorphous metals as a 
lattice gas with random site energies. Richards expects that 
phase separation will depend on: a) the strength of the H-H
interaction J, and b) the width of the distribution of H site 
energies A. Further, he predicts the dependence of the 
temperature of the phase transition, Tc, as Tc a J2/A. Some 
further important predictions of Richards are:
a) Tc for PdHx and materials with similar interactions 
should be in the 200-250 K temperature range,
b) no phase separation will occur if the hydrogen 
concentration is too large, for amozphous metals with 
tetrahedral H site occupation this means H/M should be 
less than 0.4 while for octahedral occupation H/M should 
be less than 0.04,
c) Tc should be proportional to the bulk modulus of the
amorphous metal hydride.
»
Although phase transformations have not been seen in 
amorphous metal hydrides a NMR linewidth study saw evidence 
of two phase behavior of hydrogen in amorphous Ni-Zr-P alloys 
at low temperature (150 K) . 3 0 This study found that the 
linewidth (which is proportional to (M2)K) in a-Ni 5Zr 5 was 
independent of H concentration up to H/M equals 0.6. If H/M 
is increased in a single phase system the square of the
linewidth (or M2) should increase proportionally to H/M (as 
our data will show and we will discuss in chapter VI). 
However, constant linewidth as H/M changes implies that the 
arrangement of H atoms relative to each other remains 
constant as H/M increases. The explanation of how the 
relative arrangement of H atoms among each other can remain 
constant as H/M increases is that clusters of H have formed 
and that as H/M increases the size of these clusters 
increases without changing the average H-H atomic 
arrangement. This postulated multi-phase behavior of H in 
amorphous metals is analogous to the confirmed multi-phase 
behavior of H in crystalline metals. More work is necessary 
to confirm this two phase behavior in amorphous metal 
hydrides and more discussion of this topic will be given 
later.
Another facet of amorphous metal hydrides that is 
interesting (and of particular interest for this 
dissertation) is the existence of distributions of 
interstitial site (binding) energies and activation energies 
for diffusion, see figure 3. At temperatures of the same 
order as room temperature and above, the interstitial 
hydrogen is very mobile within metals and jumps from 
interstitial to interstitial in a classical, over-the- 
barrier, type of motion (on the order of 1 0 1 2 jumps per 
second31). A hypothetical schematic record of the potential 
energy of an interstitial hydrogen atom as it randomly jumps 
is depicted in figure 3.
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FIGURE 3: Hypothetical energy vs. time of a diffusing proton.
The saddle point energy Is the maximum potential energy 
between interstitial minima in potential energy that the 
hydrogen experiences during a jump. Note that both 
interstitial and saddle point energies have a distribution of 
energies. The activation energy for diffusion, which is the 
difference between these energies, also will have a 
distribution of energies. Much more discussion of this topic 
will be given in sections V.B. and C.
In summary, the most overt differences between amorphous 
and crystalline metal hydrides are: the absence of a phase
transition to a metal hydride phase in amorphous metal 
hydrides, and the existence of distributions of interstitial 
energies and activation energies of diffusion. Other 
differences between amozphous and crystalline metal hydrides 
exist and have been measured, but these are better left 
outside the realm of this introduction. 3 2 One especially 
notable effect in the fields of hydrogen in metals and 
amorphous metals is the solid state amorphization reaction 
involving hydrogen in certain metals. 3 3 Hydrogen, within 
certain crystalline intermetallic alloys including Ni-Zr, can
cause a phase transition of the host metal's atomic lattice 
from crystalline to amorphous. Thus a new (1980s) way to 
produce amorphous metals is being investigated and a new 
connection between amorphousness and metal hydrides is being 
explored.
D. Nuclear magnetic resonance
Nuclear magnetic resonance (NMR) is a powerful and 
widely used experimental scientific technique. Researchers 
in physics, biology, and chemistry use it to investigate 
interatomic and intermolecular interactions in a large number 
of systems of current interest. The resonances of hundreds 
of different nuclei can (and have) been investigated in 
materials in liquid, gaseous, and solid states and with 
metallic, insulating, semiconductive, superconductive, 
ferromagnetic, antiferromagnetic, paramagnetic, diamagnetic, 
etc...... properties. Besides investigating interatomic and
intermolecular interactions in materials NMR can be used to 
identify the constituent molecules and atoms in samples of 
unknown composition and is thus a powerful and widely used 
tool for the analytic chemist. Also, the medical profession 
is using NMR in magnetic resonance imaging (MRI) to identify 
tissue types and locations in patients. MRI is also being 
used for non-medical purposes such as the non-destructive 
evaluation of fractures and fissures in structural materials. 
The reader should consult the various textbooks on NMR for 
more information. 3 4
Nuclear magnetic resonance entails placing a sample in 
a static magnetic field and applying radio frequency magnetic
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fields to cause magnetic dipole transitions between 
magnetically split energy levels of the nuclear spins. This 
concise statement will be expanded on in the paragraphs 
below.
With the placement of a sample in a magnetic field Hg, 
a net magnetization of the nuclear moments occurs as depicted 
in figure 4.
FIGURE 4: Nuclear magnetization of sample
Since NMR experiments typically affect the nuclear 
magnetization contribution from only one type of nuclei 
(unless double or cross-relaxation is occurring) we will only 
discuss this contribution and define it as Mg. Most of our 
NMR experiments were performed on the ’h hydrogen nuclei 
(proton), this has a spin of 1 / 2  and therefore two possible 
energies in a magnetic field (see figure 5). The energy 
level splitting AE is given by the product of Hg and the 
gyromagnetic ratio y for protons. If the radio frequency 
(RF) magnetic field applied to the sample is perpendicular to 
Mg and has frequency v0 such that hv0=AE, then this applied RF 
can cause magnetic dipole transitions between the 
magnetically split energy levels of the proton spin. Such a 
selection of RF frequency and static magnetic field strength
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FIGURE 5: Spin 1/2 energy levels, 
so that transitions between energy levels occur is known as 
nuclear magnetic resonance, and the frequency of RF that 
causes such transitions is known as the Larmor frequency v0.
In pulse NMR a short (few microseconds long) pulse of RF 
current is passed through a coil of wire inductively wound 
around the sample causing a pulse of RF magnetic field in the 
sample. This RF pulse rotates Mg (the magnetization vector 
of the resonant nuclei) away from equilibrium as in figure 6 .
FIGURE 6: Nuclear magnetization of resonant spin system
after a 90° pulse.
This can be most easily explained using a reference frame 
rotating at the Larmor frequency of the sample about an axis 
defined by Hg. 3 5 The effective magnetic field in this
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rotating reference frame is a static field with magnitude H, 
given by the amplitude of the RF field and has no 
contribution from the static field Hg. In this rotating 
reference frame the torque on Mg is given by the cross 
product of H1 and Mg and the precession frequency of Mg about 
the H1 axis equals y^/h. Thus, if the RF pulse length is 
11/4 YH, then Mg will be rotated 90* from equilibrium, this is 
known as a 90* pulse. Similarly, if the RF pulse length is 
Yi/2yK^  then we have a 180* pulse.
After an RF pulse has rotated Mg a non-equilibrium 
situation exists, see figure 6  (after a 90* pulse). However, 
the nuclear magnetization of the resonant nuclei (Mg) must 
eventually return to equilibrium by some means (figure 7).
Somehow, 
Ho someway MJW "o
FIGURE 7: Spin-lattice relaxation.
The explanation of this macroscopic change in Mg and return 
to equilibrium is the essence of our research. These 
explanations and their theories is what transforms NMR 
experiments from observations of nuclear magnetization 
recovery into a powerful probe of condensed matter physics.
Typically Mg returns to equilibrium in an exponential 
fashion (see figure 8 ).
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FIGURE 8: Nuclear Magnetization along HQ.
NMR researchers parameterize this recovery of Mg to
equilibrium with the time constant T, of this exponential
recovery and they call this gradual recovery of equilibrium
magnetization "spin-lattice relaxation". T, is known as the
spin-lattice relaxation time and its inverse R, is called the
spin-lattice relaxation rate.
For this dissertation the spin-lattice relaxation rate 
(R,) of protons in amorphous Ni-Zr metal hydrides was 
measured as a function of temperature and Larmor frequency. 
In this metal hydride R, has contributions from two different 
effects. One mechanism for spin-lattice relaxation is the 
diffusive motion of hydrogen among the interstitial sites of 
the metallic lattice (which modulates the dipolar H-H 
interaction as explained below). The second spin-lattice 
relaxation mechanism is the hyperf ine interaction between the 
protons (H nuclei) and the conduction electrons of the metal. 
Thus,
* 1  =  ^Idipolar +  ^electronic ^
M(t)m
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where Rldlpolar is due to the diffusive H motion and R1#l#ctPOnfc is 
due to the hyperfine interaction between conduction electrons 
and the H nuclei.
A qualitative understanding of how H motion causes spin- 
lattice relaxation can be found by examining the behavior of 
the local dipolar magnetic fields in this metal hydride. The 
dipolar magnetic moments of neighboring nuclei cause this 
field and in a-NiZrH the local magnetic field at the H sites 
is dominated by the contribution from neighboring H nuclei. 
The gyromagnetic ratios of the Ni and Zr nuclei are so much 
smaller than the proton gyromagnetic ratio that the local 
magnetic field at the H site from the metallic nuclei is only 
1% of that from the neighboring H nuclei. Thus the diffusive 
motion of hydrogen through the metal very effectively causes 
fluctuations in the magnetic field at neighboring protons, 
see figure 9. If a Fourier frequency component of the H 
motion matches the Larmor frequency, the fluctuation in the 
local magnetic field can cause a magnetic dipole transition 
between the energy levels of the neighboring proton spin.
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FIGURE 9: Dipole magnetic transitions caused by H motion.
Thus, diffusive H motion causes transitions among the energy 
levels of the proton spins on a microscopic scale and this 
causes spin lattice relaxation on a macroscopic scale. It is 
this diffusive H motion that we are most interested in 
studying.
II. EXPERIMENTAL PROCEDURE
A. Sample preparation
Our samples of amorphous NiZr were melt spun from the 
molten state into amorphous metal strips by colleagues from 
both the Central Research Institute for Physics in Budapest, 
Hungary and British Petroleum America in Cleveland, Ohio. 3 6  
These amorphous ribbons are approximately 1 mm wide, 30 jum 
thick, and were cut to approximately 1  in lengths.
At William and Mary we checked the samples for 
amorphousness with x-ray diffraction and found them to be 
amorphous. A General Electric x-ray spectrometer was used in 
x-ray diffractometer mode to measure x-ray intensity 
reflected from our sample as a function of the incident x-ray 
angle. The ribbons were attached with double sided adhesive 
tape to glass microscope slides. The two sides of the melt 
spun amorphous ribbons are distinguishable by the naked eye 
as a shiny side and a dull side. The dull side of these 
ribbons is the side that was adjacent to the copper wheel 
during rapid solidification and the shiny side was toward the 
air. When affixing the metallic ribbons to the slide no 
preference was given to whether dull or shiny side was toward 
the incident x-rays. Since the area of the incident x-ray 
beam extends over many (-5) ribbons the total x-ray
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diffraction signal is not weighted with data from either the 
wheel or air side of the ribbons. This is important since 
the shiny side of melt spun amorphous ribbons is more likely 
to be crystalline than the dull side. This causes concern 
when checking the amorphousness of metallic ribbons with x- 
rays because x-rays are attenuated when passing matter. In 
fact, with certain constituent elements and thin enough 
ribbons, x-ray diffraction only tests the amorphousness of a 
ribbon's surface. However, as explained in the next 
paragraph, Cu Kat x-ray diffraction sufficiently tests the 
amorphousness of the bulk of a-NiZr ribbons, not only their 
surface.
A brief discussion of x-ray attenuation in matter 
follows. The intensity of x-rays drops off exponentially 
with distance into a sample with an absorption coefficient 
dependent on the constituent elements in the sample. 
Cullity's x-ray text3 7 explains how to calculate the 
absorption coefficient for materials comprised of more than 
one element and has tabulated mass absorption coefficients 
for each element. For our a-NiZr ribbons the Cu Ka x-ray 
intensity is approximately 47% of the incident intensity 10 
im into the sample and 1 0 % as it exits the other side of the 
sample (recall sample width » 30 fim). Thus both sides of the 
ribbons, as well as the bulk of the ribbons, contribute to 
the x-ray diffraction peak. Note though, that Ni is very 
close to an absorption peak for Cu Ka x-rays. If Ni were 
replaced by Fe (only 2 higher in atomic number) Cu Ka x-ray
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diffraction would only penetrate the surface of our ribbons. 
With Fe 90% of the Cu Ka x-rays are absorbed in the first 10 
Mm and only 0.1% make it to 30 pm.
After the samples were checked for amorphousness, they 
were hydrided by placing them in H2 gas at high pressure (P 
« 150 atmospheres) and usually at high temperature (T ~ 450 
K). The pressure of the H atmosphere surrounding the sample 
was monitored with time. The pressure dropped gradually 
indicating that H sorption into the samples was occurring. 
After two to three days of gradual pressure decreases, the 
pressure would stabilize indicating H sorption had ceased. 
Note that an oxide surface layer exists from exposure to the 
normal atmosphere. 3 8 This oxide layer inhibits the sorption 
of hydrogen into the metal during hydriding, thus we must 
heat the sample to assist the sorption of hydrogen.
After the samples were hydrided, they were cooled from 
the H loading temperature (450 K) to room temperature, then 
quickly removed from H atmosphere, weighed, and sealed, in 
vacuum, in a glass ampule. Note that the oxide surface layer 
inhibits the desorption of hydrogen from the sample while the 
sample is exposed to the normal atmosphere (for details, see 
below). If not for this surface layer, when the sample is 
exposed to normal atmospheric H partial pressures, hydrogen 
would quickly desorb from the sample. The amount of hydrogen 
absorbed was measured by comparing the mass of the sample 
after hydriding to the mass before hydriding and calculating 
the hydrogen to metal atomic ratio: H/H.
He have observed that the mass of our samples does not
change with time (up to approximately 30 minutes) while the
freshly hydrided ribbons rest on our microbalance. Thus,
only insignificant fractions of H desorb into the atmosphere
before being sealed in a glass ampule. It should be
emphasized that the inhibiting effect of the oxide surface
layer on the rate of desorption of H from a-NiZr is most
effective after the initial sorption of H. If H (from the 
39gas phase ) is cyclically absorbed and desorbed into a-NiZr 
ribbons the ribbons become "activated", i.e. H absorption and 
desorption occurs much quicker than during the first cycle. 
Batalla, et al. states that after 2-4 cycles of H sorption 
and desorption the time constant for desorption at 300 K is 
1 hour. 4 0 He did not explicitly measure this time constant 
after the initial hydriding of our samples, but from 
observation of the mass of samples exposed to air this time 
constant exceeds 24 hours.
For NMR studies of metals a significant complication is 
that radio frequency (RF) magnetic fields only partially 
penetrate into the bulk of a metallic sample. Because of the 
high conductivity of metals RF fields only penetrate tens of 
microns from the surface into the bulk of the metal. The 
skin depth of RF into our samples depends inversely on the RF 
frequency and on the conductivity of our samples. The 
conductivity of a-NiZr as measured by Buschow and Beekmans4 1  
ranges from 0.33 to 0.5 (jift’m)'1. Thus dependent on Larmor 
frequency, and sample composition the skin depth of RF for
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our experiments is from 55 to 155 fim. Therefore, the RF 
fields at the center of these amorphous strips have 
magnitudes 80% to 90% of the RF fields at the surface.
B. NMR experiments
Data were taken on a spectrometer at the College of 
William and Mary. A block diagram of the spectrometer is 
shown in figure 10. The spectrometer was originally 
constructed by J. Soest, M.S. Conradi and P.L. Kuhns, and 
has been used and modified since then by S.B. Liu, 4 3 M.A. 
Doverspike, 4 4 T.W. Gull ion, 4 5 and the present author. The 
dissertations of all of these researchers contain discussions 
of this spectrometer and should be referred to for details 
not included herein. Fukushima's NMR text4 6 contains 
excellent discussions of the function and characteristics of 
the various components in an NMR spectrometer.
The spectrometer has variable frequency capabilities 
using a water-cooled electromagnet and intermediate frequency 
quadrature detection of the FID. Coils were wound for 15 
MHz, 35 MHz, and 83 MHz use with various gauges of tinned 
copper wire and with varying number of turns and turns per
/y / q
unit length. Fukushima's text, Liu's dissertation, and 
the Radio Amateur's Handbook4 9 all contain discussions of the 
necessary geometry for these coils. The radio frequency (RF) 
pulse lengths were set manually by visually monitoring the 
FID until 180* and 90* pulses were established. Delays 
between RF pulses were controlled with input data to an
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* or $ indicate that both of these components are in one unit on experimental rack
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Apple II Plus computer.
R, was measured by either an Inversion recovery ( 180° - t -  
90°), or saturation recovery (comb of 90o,s-r-90°) pulse 
scheme. FIDs (Free Induction Decays) were collected, as a 
function of r, with the RF as close as possible to resonance. 
The FIDs were digitized and the Apple II Plus computer summed 
them for each r value separately. After collecting these 
FIDs a zeroth order phase correction was made convoluting the 
two quadrature FID's for each r value so that one FID was 
entirely absorptive and the other dispersive. Next the area 
under the absorptive FID, which is proportional to the 
magnetization of the resonant nuclear spin system was 
numerically integrated. In this way the magnetization as a 
function of r, M(r), in some arbitrary units is obtained. 
The slope of a semilog plot of [M(saturation) - M(r)] versus 
r equals the relaxation rate R1. We have measured R1 as a 
function of: temperature, Larmor frequency, H concentration
and Ni/Zr concentration.
The acquisition of data by this spectrometer is 
controlled by a software program written in the language 
Forth on an Apple II Plus computer. In addition, all of the 
calculations described in the previous paragraph, except the 
plot, were performed on the Apple II Plus computer with First 
commands. Several noteworthy modifications were made to 
these programs, including:
1). The timing of the computer controlled delays 
between RF pulses was off by 10%, this was corrected by
program modifications so that the inaccuracy of these 
delays was reduced to 0.04%.
2). The maximum delay time between RF pulses was 32.768 
sec, this was increased by software modifications to 
327.68 sec. This enabled the measurement of longer 
relaxation times, which was necessary for the deuterated 
a-NiZr samples (maximum measured relaxation time was 36 
sec).
3). Zeroth order phase correction for the analysis of 
the two quadrature FID's was made more accurate by 
calculating the average phase correction over a range of 
the digitized channels rather for a single channel only.
4). M(saturation) - M(r) as a function of r were 
calculated and displayed. Previously, M(r) with no r 
values were displayed.
5). The information displayed on the computer's screen 
during an experiment was changed to a more readable and 
informative format.
In the early stages of these experiments probe tuning 
was performed outside of the magnet since our vector 
impedance meter can not function properly with its probe in 
the magnet. 5 0 This causes no problems for room temperature 
Rn measurements, however, changing sample (and coil) 
temperature alters the tuning of the probe. Since 
simultaneous removal of the probe and our temperature 
controlling equipment is very difficult we originally 
neglected to correct the tuning of the probe as temperature
of the sample varied. However, it was noticed that large 
(100 K) changes in sample temperature altered the tuning so 
much that a quite noticeable (a factor of 2 ) reduction in the 
FID amplitude could occur. A solution to this dilemma is to 
tune the probe with a 1 / 2  (or any integral multiple thereof) 
cable between the probe and the vector impedance meter cable. 
The X/2 cable flips the phase of the RF by 180° which leaves 
the impedance of the circuit unchanged. As Horowitz and Hill 
state: "a line that is an integral number of wavelengths
long represents an input impedance equal to its terminating 
impedance. " 5 1 Thus adjustments in probe tuning could be made 
while the probe remained in the magnet and temperature was 
varied.
Sample temperature is controlled with gas (air, cold 
nitrogen, or cold helium) flowing past the sample. For 
temperatures at or above room temperature, air (from a 
laboratory wall port) passed through a nichrome wire heating 
element and then past a platinum resistor whose resistance 
was input to a simple on/off temperature controller. For 
temperatures from room temperature down to 130 K cold 
nitrogen gas was used in the same heater and temperature 
controller as described above. The cold nitrogen gas was 
boiled from the liquid state by passing AC current through a 
resistor immersed in the nitrogen dewar. The only type of 
resistor that could withstand the thermal stresses of being 
immersed in liquid nitrogen were wire wound resistors, ( 1 0  
ohm, 10 watt resistors with 40 volts across them worked
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well). For temperatures below 130 K helium gas boiled from 
the liquid was passed through an Air Products cryostat and a 
temperature controller of similar conceptual design to the 
temperature controller for higher temperatures described 
above.
Sample temperature was monitored directly on the glass 
ampule enclosing the metal hydride. A thermocouple (or other 
temperature sensor such as a silicon diode, or a platinum or 
germanium resistor) could be placed within approximately 1  cm 
of the NMR coil with no effect on the noise level of the FID. 
There were temperature gradients along the sample and along 
the probe. The temperature at the bottom of the probe was 
established by the controlled temperature gas source located 
there while the temperature at the top of the probe was 
closer to room temperature. The temperature differences from 
the top to the bottom of the amorphous ribbons were 
approximately 6  K at the low and high temperature extremes of 
our measurements. Even this large a temperature gradient has 
a negligible effect on measured R, values. However, the 
temperature gradient between thermocouple and sample could 
cause small systematic errors (maximum of - 5 K) so
adjustments for this were made when recording temperatures. 
In the early stages of our experiments several sample holders 
were constructed of teflon in an attempt to reduce 
temperature gradients with the teflon serving as a thermal 
ballast. However, it was found that all versions of such a 
sample holder increase, rather than decrease, the temperature
41
gradients along the sample.
Slow temperature equilibration between the external 
surface of the glass ampule and the amorphous NiZr ribbons 
inside the ampule could be problematic. Typically, 
temperature changes were made in 15 K intervals with 15 
minutes allowed for thorough temperature equilibration of the 
cryostat and sample. An extreme test of the dependence of R1 
on possible temperature equilibration problems was fabricated 
in which the temperature was suddenly changed by 180 K and R1 
was measured as a function of equilibration time. The 
measured R1 was constant (within experimental error) for 
equilibration times of 5, 30, 60, and 90 minutes. Since a 
temperature change of 180 K did not cause temperature 
equilibration problems on the time scales of interest to us 
(tens of minutes), we have assumed that any temperature 
gradient from the outside surface of the glass ampule to the 
enclosed metallic ribbons was negligible.
IV. HYDROGEN IN AMORPHOUS Ni-Zr ALLOYS
Within metal hydrides hydrogen atoms occupy interstitial 
positions and jump among these interstitial positions, only 
a certain subset of the interstitial positions within a metal 
are occupied. The location and geometry of the occupied 
subset of interstitial sites within the amorphous lattice 
must be determined. Then the directional and temporal 
characteristics of the hydrogen motion must be modeled. In 
addition, the mechanism causing hydrogen jumps must be 
modelled.
A. Interstitial Holes in Amorphous Metals in General
As discussed in the introduction, the atomic arrangement 
of amorphous metals is commonly accepted to be a dense random 
packing of spheres. Other models have been proposed, 
specifically some microcrystalline models and disclination- 
dislocation models52, but these have little support in the 
scientific community. The first approximation for the atomic 
arrangement of amorphous metals is a dense random packing of 
hard spheres (DRPHS). In this model the interstitial holes 
have many geometrical shapes; these are called Bernal holes5 3  
(see figure 1 1 ).
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FIGURE 11: Bernal holes of the DRPHS model: a)tetrahedron, 
b) octahedron, c) trigonal prism, d) archimedian antiprism, 
e) tetragonal dodecahedron.
The above polyhedra depict the geometry around an
interstitial atom (hydrogen for our purposes) and the corners
of these polyhedra represent the centers of metal ions. Note
that the actual interstitial sites of this DRPHS model must
include distortions from these ideal shapes.
An improvement on the DRPHS model is the DRPSS (dense 
random packing of soft spheres) model. In this model spheres 
are still packed randomly, but the infinitely sharp potential 
of the hard sphere model is replaced with a softer, more 
realistic atomic potential such as a Lennard-Jones or Morse 
type potential. 5 4 This softening of spheres alters the atomic 
packing such that the more exotic Bernal holes are 
eliminated. The interstitials of the DRPSS model are 
distorted tetrahedra (90%) and octahedra (10%) only (see 
figure 12). It is worth noting some work by Karkut and Hake 
that supports a soft sphere rather than a hard sphere model 
on the basis of experimentally derived interatomic distances
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and packing fractions. 5 5 Their analysis utilized x-ray 
diffraction and density measurements of early-late transition 
metal alloys, including Ni-Zr.
a
FIGURE 12: Interstitial geometry of the DRPSS model: 
a)tetrahedron, b) octahedron.
The DRPS computer models have several different 
algorithms for determining atomic positions. Both Elliot and 
Boudreaux describe the various algorithms and their 
advantages or disadvantages. 5 6 The closest agreement to 
experiment is achieved with a model in which first the atoms 
are randomly placed, and second, the energetic relaxation of 
the atoms into their final configuration is calculated with 
a conjugate gradient scheme using a Lennard-Jones or Morse 
type potential.
The reader should note that these DRPS models are 
usually for amorphous metals containing one element only. 
These models are assumed valid for many binary alloys (in 
particular for a-NiZr) when the two constituent elements have 
similar atomic radii and both elements are metallic. 
However, for metal-metalloid amorphous metals the potential 
for anisotropic (partially covalent) bonding to the metalloid 
atoms complicates the atomic structure. For example,
Gaskell5 7 has conjectured that silicon in palladium has an 
atomic structure based upon a combination of trigonal prisms 
and DRPS. In his model: 1) silicon is at the center of the
trigonal prisms (recall figure 11c) and Pd is at the corners, 
and 2) DRPSS occurs between these trigonal prisms. A 
particularly interesting experimental investigation of 
metalloid substitution in amorphous metals involved B, Si and 
A1 substitution in a-NiZr2 by Matsuura, et al. 5 8 Their x-ray 
diffraction study (as a function of substitutional element 
concentration) determined that B and Si occupy interstitial 
positions in the lattice while Al occupies substitutional 
positions replacing the Ni and Zr atoms. The metallic atom 
(Al) bonded as expected, i.e. it substituted directly into 
the dense random packing scheme. But the metalloid atoms (B 
and Si) exhibited their covalent bonding tendency by 
preferentially bonding with the Zr and thereby packing 
interstitially among the Ni and Zr.
B. Occupied Interstitial Holas in Amorphous Ni-Zr
The locations of H and D in amorphous and crystalline 
Ni-Zr alloys have been investigated by several means and a 
brief summary of the work on this topic will be given in 
section III.B.2. below. But initially a very recently 
proposed H site occupancy model for a-NiZr will be presented. 
After a cursory introduction to this H site occupation model 
for a-NiZr (and all ETM-LTM amorphous alloys), a summary of 
the work on a-NiZr leading to the proposal of this model will 
be given. Finally, a complete and quantitative version of 
this ETM-LTM universal H site occupancy model will be given.
1. The ETM-LTM Universal Hydrogen Site Occupancy Model
(The HCT Model)
Harris, Curtin, and Tenhover have proposed a universal 
hydrogen site occupation model (hereafter referred to as the 
HCT model) for binary amorphous alloys comprised of an early 
and a late transition metal. 5 9 These early-late transition 
metal (ETM-LTM) alloys can be fabricated by melt spinning in 
a composition range centered about equal parts of ETM and 
LTM, and in some cases can be formed through the 30-70 atomic 
percent range. 6 0 Amorphous Ni-Zr can be melt spun into the 
amorphous state from Ni ^ Zr 7 5 to Ni ^ Zr 3 0 . 6 1
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In this model hydrogen occupies tetrahedral interstitial 
holes only. As H first enters the metal matrix the H atoms 
occupy tetrahedra comprised of four ETM atoms (4Zr). As the 
concentration of H atoms within the metal hydride increases, 
the 4Zr sites gradually are filled. Once these sites are 
full, the tetrahedra with three ETM and one LTM (3ZrlNi) are 
occupied. Once all the second type of interstitial are
occupied, tetrahedra with two ETM and two LTM (2Zr2Ni) are
occupied. This trend continues with the one ETM and three 
LTM (lZr3Ni) tetrahedra next, and the four LTM (4Ni)
tetrahedra last. This model assumes that the alloy is 
homogenous and chemically random, and that the hydrogen atoms 
have an affinity for the ETM (Zr). The tendency for hydrogen 
to occupy Zr rich tetrahedral interstitial sites in a-NiZr 
hydrides is well established as will be documented below.
2. Previous Research on H and D Occupancy in Ni-Zr 
The first work on interstitial H site occupancy in Ni-Zr 
hydrides was a theoretical model by Westlake6 2 on the 
crystalline versions of Ni-Zr hydrides. He used the
crystalline structure of Ni 5Zr 5, which had been determined 
by x-ray diffraction as orthorhombic, as a basis and examined 
the geometry of all the possible interstitial H sites. The 
possible interstitial H sites are: 4Zr tetrahedra63, 3ZrlNi
tetrahedra63, two types of 2Zr2Ni tetrahedra63, and a 3Zr2Ni 
hexahedra63. Using: a) the Switendick criterion64, that H-H
distances must be greater than 2 . 1  A, b) an interstitial hole
48
criterion, that the hole radii should be 0.37-0.39 A,65 and
c) the assumption that the Zr and Ni atomic radii are 1.60 
and 1.25 A respectively, he predicts the H site occupancy for 
different stoichiometric hydride phases. It is worth noting 
that he found the 4Zr tetrahedra as the most likely 
interstitial site for H in crystalline Ni sZr SH>$, while for 
NijZr.jH,, 5 both 3Zr2Ni hexahedral and 3ZrlNi tetrahedral sites 
are occupied. In summary, the criteria of hole size and 
minimum H-H distance were used to predict the sites of 
interstitial H occupation and the existence of specific 
stoichiometries of a crystalline ternary metal hydride 
system.
Westlake et al. 6 6 tested the above theoretical 
predictions experimentally by x-ray diffraction on 
crystalline Ni-Zr hydrides and by neutron diffraction on 
crystalline Ni-Zr deuterides. They found the predicted 
crystalline hydride phases Ni 5Zr 5H >5 and Ni 5Zr 5H15, and found 
no evidence of any other phases for H/M from 0.5 to 2.0. 
Also, the neutron diffraction structure factors for the 
crystalline Ni-Zr-D system indicated that D occupies the 
predicted interstitial holes listed above.
Another experimental study of this system by Chikdene, 
Baudry, and Boyer6 7 determined the characteristics of D 
occupation in crystalline Ni 33Zr 6 7 by neutron diffraction. 
They explicitly list D occupation fractions in different 
types of tetrahedral sites, and these occupation fractions 
qualitatively agree with the site types in a-NiZr, i.e. 4Zr
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tetrahedra occupation at low D concentration, some 3ZrlNi 
tetrahedra occupation at higher D concentration, and some 
2Zr2Ni at the highest D concentrations.
Several publications from scientists at Tohoku 
University in Japan address the question of H site occupation 
in amorphous Ni-Zr. Suzuki6 8 concluded from neutron 
diffraction data that D in amorphous NiaSZr s occupies only 
4Zr and 3ZrlNi tetrahedra up to H/M - 1.8. Note that there 
was no hexahedral site occupancy, as in crystalline 
Ni 5Zr SH1 5( and no 2Zr2Ni tetrahedral site occupancy, as 
expected from the HCT model. The lack of 2Zr2Ni sites and 
the rate (with increasing H/M) of transition from 4Zr sites 
to lower Zr sites both contradict the predictions of the HCT 
model. Their measurement of the D-Zr mean atomic distance of 
2.10 A for Ni 5Zr 5H ^  is a good measure of the mean H-Zr 
distance in 4Zr interstitial sites since 75% of the H in this 
sample is in 4Zr sites (using the HCT model).
In another publication from Tohoku University 
investigating H site occupation by neutron diffraction, 
Kaneko6 9 also concludes that D in a-NiZr occupies two types 
of sites, 4Zr and 3ZrlNi tetrahedra, with increasing 
probability of the 4Zr site with increasing Zr content. This 
publication tabulates the coordination numbers (i.e. the 
number and type of atomic neighbors) for the deuterium in 
these metals. For a-Ni 5Zr SD 9 they find coordination numbers 
of 1.1 for the D-Ni correlation and 2.9 for the D-Zr 
correlations. For a-Nia3 3Zra6 7D1 a 4 they find coordination
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numbers of 0.5 for D-Ni and 3.8 for D-Zr. These coordination 
numbers agree qualitatively and quantitatively, within 
expected errors, with the HCT model. However, once again the 
occupation of 2Zr2Ni sites was not found experimentally while 
it is expected in the HCT model. Pieces of data from this 
publication of some significance are the D-Zr mean atomic 
distance of 2 . 1  A and the D-Ni mean atomic distance of 1.7 A 
for both Ni'5 Zr>5D 9 and Ni>33Zr 6 7D1>4.
A third publication by the Tohoku University group by 
Aoki7 0 explains pressure-concentration-temperature (P-C-T) 
data on hydrogen absorption in a-NiZr by assuming that H 
occupies 4Zr tetrahedra at low H pressure, and then also 
3ZrlNi tetrahedra at higher H pressures. The evidence for 
this are positive deviations in Sievert's law plots of the 
square root of H pressure versus atomic fraction of H. They 
find that this deviation (which they interpret as the 
indicator of a change in the local atomic environment of the 
interstitial H) occurs at higher H concentrations as Zr 
concentration increase. This agrees qualitatively with the 
HCT model.
In summary, all experimental determinations and 
theoretical models of hydrogen site occupancy indicate that 
the H atoms are located in tetrahedral sites with a tendency 
toward Zr rich sites. The numbers of Ni and Zr in these 
tetrahedra vary with Ni/Zr concentration and with H 
concentration. Experimental determinations of the amount of 
hydrogen in the various types of interstitial sites as a
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function of H and Zr concentrations have been done and 
usually agree with the HCT model.
It should be noted that research on other ETM-LTM 
amorphous hydrides has significantly influenced the knowledge 
of H site occupancy in a-NiZr alloys. Some especially 
significant publications were by Samwer & Johnson7 1 and 
Libowitz & Maeland72.
3. More on the HCT Model 
The HCT model quantitatively predicts the maximum amount 
of H in a given type of interstitial as follows. The type of 
interstitial site is described as Ni4.nZrn (or A4_nBft for the 
general case of LTM (A) and ETM (B)) where the subscript 
describes the number of atoms of a given element comprising 
the tetrahedral interstitial site. The composition of the 
alloy is Ni,,.xZrx (or A,.XBX in general) and finally, the 
maximum absorbed H/M ratio within each type of interstitial 
site (determined by n) as a function of Ni/Zr concentration 
(determined by x) is:
The maximum amount of H per site type for our samples has 
been calculated with this model and is tabulated below.
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TABLE I. H/M of samples and tetrahedral site types.
Max H/M per site type
Sample 4Zr
(Net
3ZrlNi 
Max of
2Zr2Ni
H/M)
Experimental 
H/M of actual 
samples
Hi.KZr.75 0.60
(0.60
0.80
1.40
0.40
1.80)
1.5 and 1.6
Hi.5Z r .5 0 . 1 2
(0.12
0.48
0.60
0.71
1.31)
0 .6 , 0 .8 , and 
1 . 1
53 N n *• 0.05
(0.05
0.29
0.34
0 . 6 6
1.00)
0 . 8
The HCT model predicts the maximum amount of H in a 
given type of interstitial using these assumptions:
1) the alloy is chemically random, i.e. Ni (LTM) and Zr 
(ETM) are randomly distributed among each other,
2) H occupies tetrahedral interstitial holes with an 
affinity for Zr (ETM) rich tetrahedral holes,
3) near neighbor blocking occurs, i.e. if H is in one 
tetrahedron the face sharing neighboring tetrahedron can 
not be occupied,
4) this blocking reduces the number of sites available 
for H occupation per metal atom from the range 5-6 to 
1.9 (note that this is the source of the 1.9 factor in 
equation 2).75
The first assumption is common in the field of amorphous 
metals, i.e. binary metal-metal amorphous alloys have atomic 
arrangements in which the two elements are assumed to be 
randomly distributed among each other. The second assumption 
is well documented in both crystalline and amorphous Ni-Zr 
alloys (section III.B.2.) as well as in other ETM-LTM 
alloys. 7 4 Theoretically the affinity of H for Zr can be 
explained in two ways. One is that the absorption of H in Zr 
is exothermic while it is endothermic for Ni. Secondly, an 
atomic radii argument like Westlake's6 2 demonstrates that the 
Zr rich tetrahedral holes are larger than the Ni rich ones, 
so H will tend to occupy the larger, Zr rich, holes.
The third assumption must be examined more closely to 
ascertain its validity. We note that: a) the Switendick
criterion7 5 stipulates that the minimum H-H distance in a 
metal hydride is 2.1 A, and b) the D-Zr and the D-Ni mean 
distances are 2 . 1  A and 1.7 A respectively as discussed in 
section III.B.2. To compare the 2.1 A criterion to an 
experimentally derived distance note that for regular 
tetrahedra the H-H distance for face sharing tetrahedral 
holes equals the H-M (H to metal ion) distance. Since the 
mean D-Zr distance is 2 . 1  A, two face sharing 4Zr tetrahedral 
holes have an H-H distance matching the Switendick criterion. 
Considering the disorder associated with amorphousness to 
cause a symmetric (and perhaps Gaussian-1 ike) distribution of 
H-H distances, then half of the pairs of 4Zr face sharing 
tetrahedra will have near neighbor blocking of H and half
will not. This is not the assumption that the HCT model 
uses, it assumes near neighbor blocking for all pairs of 4Zr 
face sharing tetrahedra. With a similar analysis of the Ni 
bearing tetrahedral holes (3ZrlNi, 2Zr2Ni, etc.) near 
neighbor blocking occurs when the neighboring holes share a 
face with at least one Ni atom in it. (Note that the D-Ni 
mean distance of 1.7 A decreases the H-H distance below the 
2.1 A of 4Zr tetrahedra.) However, if two 3ZrlNi tetrahedral 
holes share a face that has 3 Zr atoms comprising this face, 
as above for 4Zr tetrahedra, only half of these pairs of 
holes will have near neighbor blocking while half will not. 
These possible problems with the HCT model are merely 
indicated here. For now, we will use the HCT model as it is, 
and only note that the 4Zr and 3ZrlNi tetrahedra may have a 
higher occupation fraction than predicted by the HCT model.
The fourth assumption in the HCT model also merits some 
discussion. In the HCT publication the authors use their 
data and the data of others to experimentally determine the 
effective number of interstitial sites available for H 
occupation per metal atom as 1.9. 7 6 Then they argue that this 
effective number of sites per metal atom is consistent with 
icosahedral clustering of tetrahedral holes in five-fold 
rings, and that for 2, 3, 4, and 6  fold rings of holes the 
effective number of sites per metal atom (2.5) exceeds the 
experimental value. From this, they conclude that 
icosahedral
clustering of tetrahedra in five-fold rings occurs in ETM-LTM
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alloys. Studying the possibility of this type of order in 
ETM-LTM glasses is outside the scope of this dissertation. 
(But maybe not out of the question for a theoretical and 
experimental NMR linewidth study.) However, the assumption 
itself of 1.9 available H sites per metal atom is reasonable, 
has been experimentally verified in the HCT publication, and 
will be utilized and tested in this dissertation.
The publication presenting the HCT model tests the model 
fairly rigorously against chemical potential measurements of 
the authors and other scientists, but no other tests of this 
model have been done (or at least none of which the author is 
aware). Kaneko's6 9 coordination numbers for D-Ni and D-Zr 
correlations in a-NiZr agree well quantitatively with the HCT 
model. However, Suzuki's6 8 coordination numbers for D-Ni and 
D-Zr correlations in a-NiZr agree qualitatively but not 
quantitatively with the HCT model. The rate of increase in 
the amount of D in Ni-bearing tetrahedra (i.e. 3ZrlNi and 
2Zr2Ni) and the rate of decrease in the D-Zr coordination 
number with increasing D concentration is not as rapid as the 
HCT model predicts. Both of these neutron diffraction 
studies find no occupancy in 2Zr2Ni tetrahedral holes while 
the HCT model predicts significant occupancy (up to H/M of
0.7) in this type of tetrahedra. Aoki's7 0 determination of 
the onset of H occupancy in 3ZrlNi tetrahedra from Sievert's 
Law plots of P-C-T measurements is not very precise, but this 
is simply and independently determined evidence in 
qualitative support of the HCT model.
V. SPIN-LATTICE RELAXATION AS A MEASURE OF HYDROGEN MOTION
As discussed in section II.D. the spin-lattice 
relaxation rate R1 of protons in a-NiZrH has contributions 
from two separate mechanisms. Recall that R1 = R1d(polar + R1e 
where R1d(polir results from diffusive H motion and R1e from 
proton *■ conduction electron hyperfine interactions. In this 
chapter quantitative theoretical predictions of relaxation 
rates from different models of interatomic interactions will 
be presented. In section A on the BPP model we will present 
the basis for our quantitative Ridipoiar model. In section B, 
the BPP model for R1dJpolar will be revised and extended to 
explain H motion in amorphous metals. In section C, similar 
research on the diffusive properties of H in amorphous metals 
will be discussed, and in section D our quantitative model 
for R1e will be presented.
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A. BPP model of R1dlpolar from H motion
The simplest model for the spin-lattice relaxation rate 
due to diffusion is the BPP (Bloembergen, Pound, and Purcell) 
model. 7 7 This model assumes that each successive jump has no 
temporal or spatial correlation with the last jump (i.e. 
random jumps) and that the motion is isotropic. The effect 
of the motion of one spin on the magnetic field experienced 
by neighboring spins is parameterized with the "correlation 
time" rc. When a jump occurs the local magnetic field Hlocal 
changes. With random jumps Hlocal fluctuates randomly and the 
correlation between Hlocal at time-0 and time=r will decrease 
exponentially. Then rc is defined as the time constant for 
this exponential decay of the temporal correlations in the 
local magnetic field, as shown in figure 13.
G(t)
time
FIGURE 13: H |oca| co rre la tions in th e  B P P  m odel.
We will define the correlations among Hlocal as a function of 
time formally and quantitatively below, but for now, we
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simply call this correlation function G(r). Intuitively, rc 
should depend on temperature (i.e. higher temperature means 
faster motion which means smaller rc) and experimentally this 
holds true. It is found that rc is thermally activated such 
that:
tc = x0exp (-Eact/kBT) (3)
where EMt = activation energy for diffusion, this is the 
difference between the saddle point energy and interstitial 
site energy, T is the temperature in Kelvin, kg is the 
Boltzmann constant, and r0 is the pre-exponential factor for 
rc, i.e., the correlation time in the infinite temperature 
limit.
Thus the BPP model predicts the time dependence of 
correlations in the local magnetic field in our sample. This 
is a useful, and in fact important quantity because the 
Fourier transform of this correlation function can be shown 
to be proportional to the magnetic dipole transition rate of 
the proton spins in our sample. The explanation of this will 
follow and is based on a discussion in Abragam's textbook. 7 8
In section II.D. a qualitative explanation of how H 
diffusive motion causes spin-lattice relaxation was 
presented. In this explanation it was assumed that each spin 
"saw" a fluctuating magnetic field due to the motion of a 
neighboring spin. A more accurate description of this is 
that the sample should be described as a system of spins, and 
that when a spin jumps the time dependent coupling among
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spins changes, possibly inducing a transition between the 
energy levels of the combined spin system. This time 
dependent coupling among spins can be described as a 
perturbing Hamiltonian *Hlocal(t) causing transitions between 
eigenstates of the metal hydride's spin system. If a and f} 
are the initial and final states of the spin system, then the 
expectation value of this perturbing magnetic field (i.e. the 
randomly fluctuating field Hlocsl) causing such a transition is
f ( t )  = f e K o c i l ^ -  <«>
Note that this expectation value f (t) is a component (between 
the states a and 0 ) of the fluctuating magnetic field at time 
t. The correlation function G(r) for Hlocal correlations as 
a function of time, which was qualitatively discussed above 
in the BPP model (recall figure 1), can be quantitatively 
defined now as
G(t) = f(t)f*(t+r) <5>
where ----  indicates an average over the statistical
ensemble of eigenstates of the spin system.
To find the effect of Hlocal fluctuations on the spin 
system Abragam performed a first order perturbation theory 
calculation and obtained the transition rate for magnetic 
dipole transitions caused by the ftHlocal perturbing 
Hamiltonian. 7 9 He found that this transition rate W is equal 
to the Fourier transform of G(r) which we will define as 
J(u), therefore
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W = r6(r)exp(-ici>r)<Jr = J(«). (*)
*
since f(t) is a component of a fluctuating magnetic field, 
G(r) is proportional to the energy of this magnetic field. 
Therefore J(a) is an expansion of the magnetic energy into a 
spectrum of frequencies. Note that in the usual definition 
of J(o), Hlocal = AF(t) where A is an operator acting on the 
eigenstates of the system and F(t) is a dimensionless 
function representing the time dependence of the perturbing 
Hamiltonian. Then J(o>) must be redefined in terms of the 
dimensionless F(t) rather than f(t) and the corresponding 
rate equation is
W = |<a|A|/8>|2J(«). (7)
This J(u) is known as the spectral density function and is a 
dimensionless quantity dependent on the type of motion in the 
system in question. It can still be considered an expansion 
of the magnetic energy fluctuations, but now the energy 
dimensions are factored out of J (o>) and contained in the 
expectation value preceding J(o) in equation 5.
Recall that BPP approximations gave an exponentially 
decreasing Hlocal correlation function, therefore J(o) is the 
Fourier transform of an exponential (which is a Lorentzian):
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J M  ■ t £ ? c (8)
In his textbook on NMR Slichter derives that G(r)=exp(-
t / t c )  and thus J(o)=2tc/[1+(w0 tc)2] when: Hlocal "takes on
either of two values and makes transitions from one value to
the other at a rate that is independent of the time since the
80preceding transition." This statement is a rigorously 
defined and specific example of when BPP approximations are 
valid.
The calculation of how this transition rate W among two 
states of the spin system is converted into a relaxation rate 
of magnetization R, is done in the BPP paper8 1 and by Slichter 
in chapter one of his text. 8 2 This calculation involves 
temperature dependent Boltzmann distributions of spin states 
and rate equations for transitions both up and down in spin. 
They find for spin 1/2 systems that R1 = 2W. The factor of 
two is necessary because both up and down spin transitions 
are occurring and since both cause changes in the 
magnetization. Thus
Note that the spectral density frequency component that 
causes spin flips must have frequency equal to the Larmor 
frequency. This fact has been inserted above by specify e=e0  
where o0 is the angular Larmor frequency.
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The previous statement that o must equal u0 is certainly
correct but this is not the only frequency of motion
effective at spin-lattice relaxation. It is not immediately
obvious, but for spin 1 / 2  systems the spectral density
component with frequency 2 o0 also causes spin-lattice
relaxation. The explanation of this is eloquently expressed
in the classic BPP paper. Define i as one spin and j as a
neighboring spin.
"The double-frequency effect comes about as follows:
the field at i which arises from the precessing
components of magnetic moment of j consists in general
of both right and left circularly polarized components.
In the rigid lattice one of these has a negligible
effect while the one which rotates in the same sense as
the precession of i causes the [J(t») transition]. If,
however, we impart to the nucleus j a suitable motion,
at the frequency 2 v0 we can reverse the sense, at the
nucleus i, of the originally ineffective circular
component, thus permitting it to interact with i.
...This also shows why still higher multiples of v0 do
83not enter the problem."
Thus the relaxation rate equation must be modified to
i^dtpolT = 2|<a|A|/S>|2[J(t*)+J(2e*)]. (10)
The evaluation of the above expectation value will not 
be described here since we have used it as a fitting
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parameter that was freely chosen to fit our data. Rather, we 
will re-parameterize this constant in terms of the second 
moment of the NMR absorption spectrum M2 as done by Markert,
a/
Cotts and Cotts. Also, in this final step the BPP form of 
J(o) is used to obtain
2 Tc 4tc
I^dJpotar " "2 J * (ll)
3 1+«*TC)2 l+ (2C^Tc)2
Note that rc is thermally activated as described in equation 
3. Thus, rc contains the temperature dependence of R1dfpolar, 
all other factors are temperature independent. The. angular 
Larmor frequency is fixed experimentally. The remaining 
parameters: M2, r0, and E^  will be treated as fitting
parameters and our analysis (chapter VI) will determine their 
values.
B. Unipolar Bwt distribution
In ordered metal hydrides R1d{polar from a BPP model plus 
R1e governed by the Korringa relation can explain most R, 
data. However, for disordered metal hydrides a complication 
arises. Disordered means either a) amorphous, or b) 
crystalline with randomness imposed on the interstitial sites 
by alloying effects. Ordered metal hydrides have a definite 
atomic arrangement within each unit cell that is identical 
from one unit cell to the next. This means different 
interstitial sites have identical potential energy wells and 
thus the activation energy for diffusion has a single value. 
In amorphous metals this is not the case. It is well 
established that the atomic arrangement of amorphous metals 
is described by a DRPS model as discussed in chapter IV. In 
all such DRPS models and in our a-NiZrH samples adjacent 
cells are not identical. The positions of the nearest 
neighbors of an atom vary slightly from one atom to another 
atom with no definite pattern to the variations. (See figure 
13 and the arrows indicating possible variations on the 
atomic positions.) Thus different interstitial sites have 
slightly different potential energy wells and the mobile H 
experiences a distribution of activation energies for 
diffusion. This energy is the activation energy previously
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described in our BPP discussion and in the equation rc-r0exp(-
W W  *
Metal, Ni or Zr
Hydrogen at interstice
4 Variation in metal ion 
'  position associa ted  
with am orphousness
FIG U R E  14: T ypical H in terstitia l s ite .
The consequence of this Eact distribution is that there 
is not a single value of rc at every temperature, rather a 
distribution of rc values exist. This then has the net 
effect that the relaxation rate R^ ipoiar a summation of a 
distribution of relaxation rates with different rc values. 
Mathematically, the effect of a distribution of activation 
energies for diffusion can be expressed,
R ld  net R ldaingle e 112 )
or since rc - r0exp(EMt/kgT),
RIdnet = f f  (Ea ct) R -id B in g leB ^^a c t t13 )
where g(rc) and f(Eact) are the fractions of sites with a 
given rc or E ^  while R1d 8inglaEact and R1d 8jn8lerc are given by 
equation 11 for a given value of rc or E^. We will discuss, 
and subsequently use, the latter of these two equations. The
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limits of integration for this equation must be chosen to 
include all possible EMt (and rc) values for all the various 
interstitials in our amorphous metals. Additionally, and 
more importantly, a mathematical form for the Eact 
distribution must be chosen. To model the randomness of Eact 
from the various interstitial sites in amorphous metals we 
have chosen a Gaussian distribution of activation energies 
for H diffusion. This is a somewhat arbitrary choice, a 
Lorentzian or other similar distribution function could also 
have been chosen. We have found that our results are not 
very sensitive to the detailed behavior of this distribution, 
but are dependent on the fact that an EKt distribution 
exists.
Since the use of an Eact distribution to explain NMR 
relaxation data is in its infancy a few details of how the 
net Bipolar was calculated using equation 13 will be 
discussed. The integral in this equation can not be 
evaluated analytically, so we chose to evaluate it 
numerically using Simpson's rule with a Fortran program 
written by the author on William and Mary's Prime mainframe 
located in the Computer Science Department. This program was 
based on an algorithm from Numerical Analysis by Burden, 
Faires, and Reynolds. 8 5 The Gaussian form used was
. expt-(g,ee-£o)VA»l  (1<)
JnA
Where E0 = center of Gaussian distribution,
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A = width of Gaussian distribution (= half width at 1 /e
of maximum), and
E ^  = activation energy for H diffusion.
Early in our research work, the limits of integration 
were chosen at energies at which the Gaussian was 10'6 of its 
maximum value. Then, it was noticed that this choice could 
include energies less than zero in the integration, 8 6 an 
obvious pathology for our model. This was remedied easily by 
stipulating that the lower limit of integration Ejnft could 
not be less than zero. Also at this juncture the limits were 
redefined to be at the energies at which the Gaussian was 10'3  
of the its maximum value. It was found that these changes in 
the integration limits had a totally negligible affect on the 
net R1dlpolar values. This was a minor but still noteworthy 
test of our model.
C. Related research on diffusive H notion in metals
The motion of hydrogen in metals has been studied since 
the turn of the last century and many different techniques 
have been used for this. NMR has been, and still is, a very 
useful tool for this type of research. There are many 
comprehensive reviews of this subject, especially important
87 88 89are the recent ones by Cotts, Seymour, and Bowman. The
most relevant information from these reviews for this
research has already been presented. These reviews should be
referred to for information on NMR of H in metals that has
not been discussed herein. The bulk of the work on H motion
in metals has been performed on crystalline materials and the
predominant focus of these reviews reflect this. Note that
the first report of an amorphous metal-hydrogen system was 
90not until 1978 and that much of the work on amorphous metal 
hydrides has been done since the above reviews were written.
Other techniques than NMR have also been used to study 
H diffusion in amorphous metals. Mechanical relaxation, 
electrochemical permeation, muon spin resonance (HSU), 
perturbed angular correlation (PAC), neutron scattering, and 
universal conductance fluctuations (UCF), have all been used. 
Below are comments about various research done on H motion in
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amorphous and disordered metals. This is not meant as a 
comprehensive review, rather this selection is meant to 
establish the relevance of this work in the field, and give 
a taste of the work that has influenced the author. A 
specific attempt has been made to include work with differing 
points of view from ours. Also, all work on H diffusion, in 
the a-NiZr system, of which the author is aware, is included. 
No comprehensive, current review of the research on H motion 
in amorphous and disordered alloys exists; however, Maeland 
and Libowitz have made comments on a fair amount of the work 
done before 198491 and 198592 in their publications. These 
sections in their publications along with Bowman's NMR review 
article8 9 are the closest things to comprehensive reviews 
available, and are really not adequate since most of the 
research in this area has been done since those reviews.
1. NMR of amorphous metal hydrides 
The first NMR study of H motion in an amorphous metal 
was by Bowman. 9 3 In this and his other publications9 4 he 
finds greatly enhanced H mobilities relative to similar 
crystalline systems and non-Arrhenius temperature dependence 
of his NMR relaxation rate data. The term "non-Arrhenius" 
indicates that the temperature dependence of the data is not 
strictly logarithmic with inverse temperature, i.e. a plot of 
ln{R1dipolar} vs. 1/T is not linear. We find this anomalous 
temperature dependence in our data also. Herein lies one of 
the major disputed questions for H motion in disordered
metals: What causes the non-Arrhenius temperature dependence 
of H diffusion in disordered and amorphous metals? We 
explain the non-Arrhenius temperature of R1dipoUr data with a 
continuous EKt distribution (with all EKt values independent 
of temperature), however Bowman explains this behavior 
differently. He interprets his data with a discrete 
distribution of activation energies, i.e. three or four 
distinct EKt separately operative in different temperature 
ranges. He argues that: "the physical validity of
[analyzing] the non-Arrhenius behavior of proton relaxation 
times through distribution functions of individual BPP 
models,..., has not been firmly established. " 9 5 This 
dissertation has attempted prove this statement false with 
many arguments and much data supporting the physical validity 
of a distribution of activation energies for H diffusion. 
Furthermore, most other scientists in this field use some 
sort of an E ^  distribution; examples will follow.
The most closely related work to ours is by Markert, 
Cotts, and Cotts on a-Zr3RhH3 5  They were the first to use 
a distribution of activation energies to explain NMR 
relaxation data for H within amorphous metals. They argued 
for an asymmetric EKt distribution comprised of a Gaussian on 
the low EKt side and a Lorentzian on the high EKt side. They 
gave no physical explanation for this distribution and we 
have not tested such a distribution or any others besides a 
Gaussian. The rationale for this is threefold: 1) our Rt
measurements are only barely sensitive enough to detect
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changes in the EKt distribution, 2) the physical significance 
of slightly different Eaet distributions is not established,
3) the mere existence of an EKt distribution must first be 
conclusively established before its detailed behavior is 
scrutinized.
Dolde, Messer, et al. reported on a-Ni 3STi>6SH > 5 (H 
concentration approximate, no magnitude of error was given) 
using an EKt distribution consisting of only the lower half 
of a Gaussian with maximum of 350 meV and half width of 160 
meV. 9 6 They successfully fit their R1 data at three 
frequencies for a single sample with a BPP model and this Eact 
distribution. The implication of this study is that the high 
energy side of the chosen Eact distribution has a negligible 
effect on R,, i.e. the low EKt motions cause the asymmetry in 
ln(R1d{polar) vs. l/T plots. From observations the behavior of 
our model of R, (T) when fitting our model to our data, we 
concur with this.
For a-Pd 8Cu 07Si 1 3Hx (with x between .01 and .02) 9 7  
Schone, Seymour, and Styles reported non-Arrhenius behavior 
showing that a plot of lnfR^,^,.*1} vs. l/T was asymmetric 
about its minimum with a smaller slope on the low temperature 
side. This corroborates that an EKt distribution for H 
motion also exists in this sample. However, no attempt was 
made to fit the data to any EKt distribution and only one 
sample at a single frequency was investigated. 9 8
Our collaborators from Hungary have published similar 
results to ours on a- (NiZr) .9 3P.0 7H . 8 3 with measurements of
various relaxation rates, i.e. R, and R^ as well as R1 
measurements." R^ is equivalent to R1 in an externally 
applied field H, rather than Hg, thus R^ is sensitive to 
longer jump times than R,. Rz is equivalent to R, plus an 
additional dependence on zero frequency Larmor precession. 
Thus R2 is sensitive to the same range of jump times as R1 
plus some sensitivity to phase shifts in the Larmor 
precession frequency. They used the same model for 
relaxation rates due to an EKt distribution as ours and were 
able to fit all three relaxation rates with roughly the same 
fitting parameters. For all of these rates they found 
E0=32O meV and A=100 meV. However, they also found that r0 
and M2 varied dependent on the rate they were fitting; for 
these they found r0=1.7 to 7.2 X 10*13 sec, and 112=6.5 to 6.9 
X 109sec'2. (Note that it is very unlikely these actually 
vary dependent on relaxation rate, rather this dependence 
indicates our model is not perfect.) It should be noted that 
a collaborative publication of ours with the Hungarian group 
contains some of the R1 data on the phosphorous containing 
samples,30 and the results from this data are included in this 
dissertation.
2. NMR on crystalline disordered systems 
J. Shinar was the first to invoke an E ^  distribution to 
explain proton NMR data in a metal hydride.100 He was able to 
explain both the temperature and Larmor frequency dependence
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of proton relaxation rate data in the disordered crystalline
alloys Hf 3 3V 67H 2 and Zrv33V 67H 5. This article is a good
introduction to the arguments in favor of an Eact
distribution. A wrinkle to his model that we have not
included is an EKt dependence for the correlation time
prefactor r0. They discuss two different models for the
dependence of r0 on the mean value E0 of the E^ ,. distribution.
One model follows a Zener relationship for Tg'1 i.e. In {To*1}
a E0 and the second has r0*1 a (Eact/E0)\ We have not
incorporated either of these dependencies on r0 in our model
explicitly, however we find that our results for r0 and E0 of
our various samples roughly agree with a Zener relationship
with a proportionality constant 30±8 eV'1. Furthermore,
Shinar presents an argument against Bowman's temperature
dependent distinct EMt distribution, commenting that the
pre-exponential factors (r0) needed to fit his data "are so
small [as] to invalidate" the model.101 In a second
publication completing Shinar's work on this system, the Eact
distribution for H motion in these alloys was measured as a
function of H concentration at a total of nineteen different
102H concentrations.
Another NMR study of H motion in a disordered 
crystalline alloy was performed on V-Nb-H alloys by Lichty, 
Shinar, et al.103 In this, they fit their R1 data as a 
function of temperature and frequency to both Bowman's model 
(discrete Eact operative in different temperature regimes) and 
Shinar's model (continuous EKt distribution independent of
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temperature). They found that both models can explain the 
temperature dependence of the R, data, but that the Larmor 
frequency dependence leads to anomalous results In Bowman's 
model. Bowman's model results In a Larmor frequency 
dependent proton hopping rate, or equivalently, a Larmor 
frequency dependent rc (which is very unlikely). In direct 
contrast to this, they find that an ETCt distribution model 
fits both the temperature and frequency dependence of their 
data well. Furthermore, they find that "the values of the 
fitting parameters were closely similar [for all V/Nb 
concentrations, from 25% to 75% V]; the average" values were 
E0=14O±5 meV, A=33±3 meV, and . 0-10.1 X 1011 Hz (with r0_1
dependent on E ^). Note that they use a Zener relationship 
for r0 as a function of Eact< but they find the proportionality 
constant between lntr,,’1} and EKt so small that r0 is almost 
independent of Eact (an assumption that is implicit in our 
model).
3. Mechanical relaxation on amorphous systems 
Berry and Pritchet first identified interstitial H and 
its diffusive motion as a mechanism for mechanical relaxation
104in amorphous metals. In the six amorphous alloys they 
studied, they found evidence of H motion with r 0= lo '14 to 10*16 
sec and broad EKt distributions with mean values 330 to 600 
meV. The EMt distribution width was not explicitly given in 
meV for any of these alloys. The alloys were: Nb ^ Ge 25,
Nb 40Ni 60, Pd 8Si-2, and the commercial Metglas alloys 2826,
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2826A, and 2605 which are Fe*Ni*P 14b>06, Fe.32Hi.36Cr.uP 12b>06, 
and Fe8B 20. In a subsequent review article by the same 
authors they fit their Pd 8Sia2 data to a specific E^ ,. 
distribution and found E0=32O±15 meV, and A=149 meV.105 Their 
EKt distribution for this theoretical fit to the data is 
asymmetric and comprised of two half-Gaussians with a wider 
one on the lower energy side. In this review article they 
reported on the most general results of mechanical relaxation 
behavior in amorphous metal hydrides. These results include:
1) the Eact for H motion in over a dozen different 
amorphous metals are in the 250-500 meV range,
2) the hydrogen interstitial is a "strongly asymmetric
106point defect or elastic dipole", i.e. H produces a
large EFG at its interstitial site,
3) this implies the "H interstitial occurs principally 
by atomic displacements in just one direction and is 
consistent with increasing evidence,..., that the 
interstitial site for H in metallic glasses is basically 
of a tetrahedral character"107 (as opposed to octahedral 
of another of the Bernal holes in figure 11),
4) a concentration dependence of the mechanical 
relaxation indicating a H concentration dependent Eact.
We will find that our results agree with these, except for 
the last point. Our results indicate that EKt is not
dependent on H concentration. A more recent study of
internal friction data by Berry and Pritchet on a-Ni 4Zr6 
alloys has been reported in which they found evidence for a
76
"broad" (they gave no width in meV) and symmetry a 
distribution of EMt with mean value slightly dependent on the
1 AS
type of measurement they performed, E0=34O to 370 meV. As 
for the H concentration dependence of E ^  in a-Ni 4Zr 6, no 
explicit comment was made other than "experiments have also 
been performed at concentrations up to H/M=l, with similar
10g
findings." They state that similar results were also found 
for a-Ni>64Zr>36.
Another internal friction study, this one on a- 
Zr 67Pd 33H 9 by Hazleton and Johnson, found an asymmetric Eact
109distribution with a wider low energy side. Furthermore, 
they investigated different theoretical models to explain 
their asymmetric internal friction peaks. Of particular 
interest is their comparison of theoretical fits with data 
between a model with a distribution of r0 values, and a model 
with a distribution of Eact values. They found that an Esct 
distribution fit their data two to five times better in a 
least squares fitting routine than a r0 distribution could. 
They continued their analysis by deconvoluting their 
asymmetric internal friction peaks into an explicit Eact 
distribution calculated numerically. The distribution they 
found was approximately a Gaussian EKt distribution (as we 
have modeled) plus a low Eact tail. As they explain, this 
tail is due to hops between two shallow potential energy 
minima. These minima are modeled as being caused by 
compressively distorting an octahedral site so that its 
single potential energy minimum at perfect octahedral
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symmetry is bifurcated into two separate minima as the 
compressive distortion occurs. Their model for this low 
energy tail seems very realistic and could explain the 
asymmetric EKt distributions found in many systems.
4m Miscellany
A neutron diffraction study of a-Pd ggSi 1sHg 07S produced 
yet another model for H motion in an amorphous metal. 1 1 0  
Their measurements and analysis of neutron diffraction 
linewidths and intensities as a function of neutron momentum 
indicated that a single Gaussian EMt distribution did not 
exist. Rather, they explain their data with a model of H 
motion involving two distinct jump rates: a slow jump rate
out of traps, and a fast jump rate between successive 
trapping events. Both rates were calculated at 303 K and 373 
K; at these temperatures the fast rates were 10.9±0.9 and 
12.3±1.0 X 101 0 Hz, respectively, and the slow rates were 
3.0±0.2 and 2.6±0.2 X 109 Hz, respectively. The fast rates 
correspond to Eact=16 meV and the slow to 0 meV.
Some work very closely related to ours but not on a 
disordered or amorphous system was an NMR study of H motion 
in crystalline Ni-Zr hydrides. 1 1 1 Three stoichiometric phases 
of the crystalline Ni-Zr-H system were studied, these were 
Ni.jjZr 6 7H 67, Ni 3 3Zr 6 7H10, and Ni.33Zr 6 7H1-5. They specifically 
did not study non-stoichiometric compositions intermediate to 
these so as to avoid two phase behavior of the metal hydride. 
They measured R1 over the temperature range 77 K to 450 K and
found that the data could be fully explained with only the 
standard contributions to spin lattice relaxation, i.e. 
R idipoiar and Rie* They specifically searched for effects of 
other relaxation processes such as from paramagnetic 
impurities, and found none. For the three stoichiometries 
they found three different activation energies for diffusion, 
these are discrete EKt values and they found no non-Arrhenius 
behavior or other evidence of an EKt distribution (as 
expected for crystalline metal hydrides). For H/M = .67, 
1.0, and 1.5 they found Eact = 160±80, 230±40, and 320±50 meV. 
If we use a BPP model and the R1mx temperatures from their 
data along with their EKt values, we can calculate the 
correlation times from their data. We find that r0=10 and 2 
X 10usec for H/M =1.0 and 1.5, respectively. It is 
interesting to note that these r0 and Eact values do not 
coincide with the Zener relationship that our values roughly 
follow (Tg is about five times too small). Also noteworthy 
is their observation that Ni 33Zr 67H 6 7 undergoes an unexpected 
phase change indicated by the onset of two phase behavior of 
the proton resonance between 280 and 290 K and continued two 
phase behavior at higher temperatures.
A recent work on the a-NiZr system was a perturbed 
angular correlation (PAC) study by Chikdene, Baudry and 
Boyer. 1 1 2 In this, 181Ta was substituted for Zr and 
measurement of the quadrupole coupling of this nucleus with 
the lattice gave information about the hydrogen dynamics. 
Their E ^  for crystalline Ni-Zr hydrides agree with the NMR
79
measurements of Aubertin et al. discussed above. They found 
enhanced H motion for the a-NiZr hydrides relative to the 
crystalline state, and that the EKt distribution has 
approximately zero width with a single value of EMt. For a- 
Ni 33Zr 6jH> 8 they find E^ .t=135±5 meV and A=16 meV (effectively, 
A=0). However, they are not definitive in their support for 
a discrete value of EKt rather than an EKt distribution for 
a-NiZrH, and they explicitly express this in their concluding 
remarks.
A study of the muon's depolarization rate in a few Ni- 
Zr-H systems found Eact slightly less than those found by the 
NMR and PAC results discussed above. The slight discrepancy 
between proton and muon was expected by these authors and 
follows a normal trend for muon diffusion data. 1 1 3 However, 
they unexpectedly found two distinct Arrhenius components for 
the muon's motion in a-Ni 33Zr gjH, 3, rather than a 
distribution of hopping rates. These had r0 1= 2.310.9 X 106  
Hz with EKt = 38 meV and Tg*^ 1.710.6 X 101 0 Hz with E ^  = 220 
meV. They explain this behavior by invoking
"microsegregation" i.e. H and n* only occupy interstitials in 
certain spatial regions of the amorphous metal matrix. Since 
H already occupies the lowest energy sites the incident muons 
are forced to thermalize into higher energy sites with 
correspondingly lower EMt at these sites.
Another source of Eact data is a study of resistance 
noise and universal conductance fluctuations (UCF) in a-NiZrH 
by Alers, Weissman, et al. 1 1 4 This technique seems to be
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relatively poorly established as a means of measuring EMt, 
but it is mentioned because it is such a novel way to detect 
H motion. The H motion causes UCF and by analyzing the 
frequency dependence of the resistance noise they find 
various EMt that are dependent on the length of their thin 
films of a-NiZr. For each length they only attempt to fit 
their data to a single EKt and for eight samples they find 
EKt values ranging from 76 to 500 meV.
Some very recent work was reported in the abstracts of 
the International Symposium on Metal Hydrogen Systems, Banff, 
Canada, September 1990 on a-NiZrH. 1 1 5 Various results 
including solubility and diffusivity were modeled using a 
superposition of Gaussian Eact distributions corresponding to 
the possible tetrahedral sites (recall the HCT model). But 
contrary to the HCT model they find the maximum number of 
occupied sites ranges from 1.3 to 1.6 depending on H 
concentration whereas the HCT model has 1.9 independent of H 
concentration. Further they find that H diffusivity changes 
with H concentration by two to three orders of magnitude.
5. Theoretical
Theoretical work on the motion of hydrogen in metals has 
been performed, but the ability of any version to adequately 
describe H motion lags far behind the existing experimental 
ability to measure properties of H motion. Two review 
chapters in Hydrogen in Metals I expound on this matter. 1 1 6  
For amorphous metals Richards presented a theoretical
framework in which the width of an Eact distribution for H
motion is calculated from knowledge of: 1 ) the radial
distribution function for the host amorphous metal, 2 ) the
bulk modulus of the material, and 3) some knowledge of the
potential energy function V(r) for hydrogen within the
metal. 1 1 7 The premises for this work appear sound, however
when applying this model to our specific sample, problems
were encountered. With this model, one can readily predict
the width of the distribution of energies for H at the
interstitial site, and we found this to be 280 meV. However,
in order to find the width of the EKt distribution A, we must
subtract the energy at the saddle point of the H potential
energy from this width of the interstitial site energy. To
calculate this, more detailed information about V(r) is
necessary, and a determination of whether the motion is in a
high or low temperature limit must be done. At this point,
Richards was able to calculate the saddle point energy for
his prototype system, a-Pd 8Si 2, but an analogous treatment
of our system leads to ambiguous results. Depending on the
details of assumptions necessarily made about V(r), the width
of the EMt distribution for a-NiZr (A) could be anywhere from
0 to 140 meV. The specific parameter in Richard's model that
caused problems was the ratio a8/ae, this parameter ranges
118from approximately 1 to 3. If one assumes ag/ae“2 then A=0 , 
if one assumes a^/ae=l or 3 then A=140 meV. To the authors 
best knowledge no one has been able to implement Richard's 
theory to explain a priori the width of a distribution of
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activation energies for H diffusion. However, this theory 
has many merits, and hopefully, with some revisions, it may 
prove to be directly useful. It is noteworthy that in this 
model the shape of the radial distribution function directly 
correlates to the shape of the site energy distribution. The 
correlation between RDF and site energy distribution is 
through Richard's parameter Y, where Y is a measure of 
deviation in the sum of the lengths of edges of the
119interstitial polyhedron (tetrahedron for a-NiZrH). For a 
specific form of the site energy distribution function 
Richards uses a Gaussian as does Kirchheim1 2 0 in another 
theoretical study of amorphous metal hydrides. Kirchheim's 
papers are also a very important theoretical study for H 
diffusion in amorphous metals. But this work is directly 
applicable to solubility data of H in amorphous metals rather 
than a first principles calculation of Eact distributions.
D. Korringa relaxation oorraotion
Another cause of proton spin-lattice relaxation in metal 
hydrides is the conduction electron contribution to R1# we 
will symbolize this as R1e. This relaxation process is caused 
by the hyperfine interaction between the protons (H nuclei) 
and the conduction electrons of the metal. We will assume 
this relaxation follows a Korringa relationship, that is
T/Rl0 = constant . (15)
Where T = temperature in Kelvin, and the constant (called the 
Korringa constant) depends on the density of states for 
electrons at the Fermi surface.
As first calculated by Korringa and discussed by 
Slichter in his NMR text1 2 1
^ le le c tzo n lc  ~ - |a 3y ^ |u * ( o )  |>^p2(F,)icfl:r. <x«)
where the expectation value is the probability for electrons 
to be at the resonant nuclei evaluated at the Fermi energy 
(Ef) and p2 (EF) is the density of electronic states at EF. 
Since conduction electrons are the electrons at the Fermi 
surface, the product of these two factors can be combined 
into one probability, that is the probability for conduction
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electrons to be located at the hydrogen nucleus. Thus the 
Korringa constant is proportional to this probability.
The object of this research is to investigate H motion 
in these alloys, so little emphasis will be placed on this 
electronic relaxation mechanism. However, we must subtract 
the Korringa contribution in order to analyze diffusion 
behavior. We obtain the Korringa constant T/R1# from R1 data 
at low temperature and high Larmor frequency where the 
diffusion contribution is small. While our Korringa constant 
data was originally only meant to facilitate extraction of 
diffusion information, it has turned out that some rather 
nice information about these alloys will be extracted from 
the Korringa constant data (see section VII.C.).
▼Z. RESULTS or SPIN-LATTICE RELAXATION EXPERIMENTS 
A. Temperature Regime in which Diffusion Dominates R,
2. Samples containing only hydrogen 
With our NMR experiments we have found that the R, data 
from approximately 200 K to 500 K is dominated by spin­
lattice relaxation caused by diffusing protons (i.e. the 
nuclei of the interstitial hydrogen atoms). We can explain 
all of our data in this temperature range by utilizing: a) 
our BPP model with a Gaussian distribution of activation 
energies for diffusion to explain R1d{poiar, and b) tbe Korringa 
relation to explain R1e.
Figures 15 - 17 will be used to illustrate how our 
theoretical models for R1 are applied to generate actual fits 
of the theory to data. Figure 15 shows R1 versus 1000/T data 
and theoretical R1 fits to this data for a sample of 
amorphous Ni>2sZr 5. The squares represent experimentally 
measured R1 values taken with a Larmor frequency of 15 MHz. 
The solid lines on this graph are theoretical fits of the two 
different contributions to spin-lattice relaxation. The 
peaked solid line with maximum at 1000/T » 2.5 K* 1 is the 
spin-lattice relaxation contribution due to hydrogen 
diffusion, Bipolar* The monotonically decreasing (as 1 0 0 0 /T 
increases) curve is the Korringa relaxation contribution.
A discussion on the Ridipoiar(T) curve ensue and the
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FIGURE 15: Separate R1dlpolar with an EKt distribution and R1e
fits to our data.
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discussion of the Korringa relaxation curve will be deferred 
until later. This Ridipoiar(T) curve has been determined by 
adjusting the fitting parameters in our model of R1dipoiar until 
the best fit to the data is reached. The best fit was 
determined by visually analyzing computer generated plots 
like this one while varying the fitting parameters of our 
R idfpoi.r model.
The fitting parameters for R1d1polar are: a) the center of
the Gaussian Eact distribution E0, b) the width of the 
Gaussian Eact distribution A, c) the pre-exponential factor r0  
for the correlation time of Hlocal, and c) the second moment of 
the resonance line M2. Note that the only other parameter in 
our R 1dtpolar model is the Larmor frequency v0 and that this is 
an experimentally fixed parameter. Each of the fitting 
parameters has a rather distinctive effect on the R1dfpolar (T) 
curve. R1 is proportional to M2, thus M2 is used to move the 
curve vertically (changing the magnitude of R^ without 
affecting the shape of the Ridipoiar(T) curve. The pre­
exponential factor r0 primarily affects the temperature 
dependence of the R1dipolar(T) curve, changing the temperature 
at which the maximum R 1dipoiar lies. Thus, r0 is used for 
horizontal movement of the R1djpolar(T) curve. The parameters 
for the E ^  distribution (E0 and A) affect all aspects of the 
R1d{polar(T) curve. This means that if the other parameters are 
held constant while E0 and A vary then the vertical and 
horizontal placement of the R1d)poiar(T) curve will change as 
well as the general shape of the curve. The phrase "general
shape of the curve" is meant to indicate the slopes of the 
R1d{poiar(T) curve on both sides of the maxima and the width of 
this curve. E0 and A are the only parameters that affect the 
general shape of the curve. The slope of the R 1dfpolar(T) curve 
to the left (high temperature side) of the maximum equals E0  
and is totally independent of A. The slope on the right (low 
temperature side) of the maximum is -E0 in the limit A-»0 . 
This small A limiting behavior has been tested in our model 
and found. For our purposes when A/E0 < 1/20 the small A 
limit of equal slopes on both sides of the R 1d{polaP maximum is 
reached. As the A/E0 ratio increases from 0.05 two effects 
are seen: a) the low temperature slope gradually decreases
(i.e. the curve becomes closer to horizontal), and b) the 
curve becomes wider (i.e. the R1 maximum becomes less sharp). 
In summary: E0 and A determine the shape of the R1d{polar (T )
curve (relative temperature dependence of R 1dfpolaP) , M2 is used 
to adjust the vertical position of the curve (magnitude of 
Ridipoiar) • and ro used to adjust the horizontal position of 
the curve (magnitude of temperature dependence of R1dipolar) . 
So, the theoretical fit (as just described) of R i d{polaP to the 
experimental R1 values determines E0, A, M2, and r0. Since 
the aim of this research is to study the properties of the 
diffusive motion of H in these alloys, E0 and A are of 
primary significance to us while and r0 are of secondary 
import.
We will now return to the Korringa relaxation 
contribution and discuss it. Figure 16 depicts how the
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FIGURE 16: Plot of various Korringa relaxation curves
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Korringa relaxation contribution is found. Recall from 
section V.D. that T/R1a is a constant, hence a plot of R1e 
versus 1000/T generates a monotonically decreasing (with 
increasing 1000/T) curve as shown on figures 15 and 16. A 
family of such curves is shown on figure 16 along with the 83 
MHz R1 data for Nia2sZr>7SH1>5. The Korringa constants for each 
sample are determined by visually matching experiment with 
theoretical curves.
Figure 17 depicts the Larmor frequency (v0) dependence 
of the spin-lattice relaxation rate (R^ ) for this same sample 
(Ni.2 5Zr.7 5Hi.5 ) • The upper (largest R, magnitude) R1djpoiaP(T) 
curve and the 15 MHz data were already discussed above. The 
lower two R1djpolar (T) curves were generated using all the same 
fitting parameters (E0, A, M2, and r0) as determined already 
for the 15 MHz data with the experimentally fixed v0 the only 
cause for differences between the three R1dfpotaP(T,v0) curves. 
As shown in figures 17 and 18 the frequency dependence of R1 
is predicted fairly well by our R1djpolar(T) theoretical model. 
Note that figure 18 explicitly depicts the sum of the R1dfpolar 
and R1a contributions as one theoretical curve for each 
frequency, while figure 17 still had the two contributions 
shown separately. The values of the fitting parameters for 
this a-Ni jjZr tsH^ s sample can be found in table II.
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TABLE II: Measured properties of H in a-NiZrH. (See page
1 0 1  for a discussion of errors in these fitting parameters.)
Sample X
± . 1
E„
(meV)
A
(meV)
* 2
(kHz) 2
T 0
(1 0 *i4sec)
T/R,e
(secK)
Ni.2 5Zr.7 5H, 1.5 431 1 1 0 2,400 3 168
1 . 6 3,400
Ni.5Zr.5H, 0 . 6 388 95 6,700 5 180
CO•0 7,700
1 . 1 9,800
Ni.6 Zr.4H0 .8 0 . 8 584 224 16,000 0.003 145
(NiZr) .*P 0A .5 0.5 396 92 7,900 3.5 147
(Nizr) .9 8P.0 2H, 1 . 0 508 1 2 1 1 0 , 0 0 0 0.09 170
0.3 5,600
(NiZr) .9 7P.0 3H0 . 1 0 . 1 Indeterminate. 170
(NiZr) .9 5P.0 5H1.Q 1 . 0 508 146 6,400 0 . 1 142
(NiZr) .9 3P.0 7N1 . 0  
---------
1 . 0 508 146 6,400 0 . 2 180
It should be noted that the frequency dependence of R1 
supports our argument for a distribution of activation 
energies for diffusion. Without an EKt distribution the 
frequency dependence of Rt is stronger. This is shown 
explicitly in figure 19. Note that for a Gaussian EMt
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FIGURE 19: Net fitted rates to our data with a single
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distribution (of width A « E„/4) [R1<nPoiar]«M « l / v 0 while for 
a single EKt [^Idipolirlan ®  (l/vo) •
Figure 20 is a plot of R,(T) data for another a-Ni 25Zr 7 5  
sample with a slightly higher H/M ratio than the last sample 
(1.6 rather than 1.5). We have found that the additional H 
only affects the magnitude of R,, the shape of the R1 (T) curve 
remains constant with increasing H content. Therefore the 
parameters Eg, A, ffl, and T/R^ were fixed to the values
previously found for a-Ni 2SZr 5 and Mg was the only
variable fitting parameter when fitting our model to this a- 
Nlm2SZrm7SH^m6 data. The theoretical predictions agree very 
well with the data supporting the assumption that H
concentration only affects M2. It should also be noted that 
the Larmor frequency dependence of R1 was predicted well 
since the only changing parameter between the two theoretical 
curves on figure 2 0  is v0, and this is experimentally
determined.
Since the parameters dependent on the diffusive motion 
of H (E0, A, and r0) remained constant with changing H 
concentration this indicates that the diffusive properties of 
H in a-Ni ^ Zr -7 5Hn are not sensitive to the H concentration. 
Note that these two a-Ni>2 5Zr>7 5Hx samples are not the same 
amorphous metal strips hydrided to two different 
concentrations. Rather, two separate samples of amorphous 
metal with the same Ni/Zr concentrations were hydrided 
separately to the stated H/M ratios. This indicates that 
Ni/Zr concentration determines the Eact distribution and that
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FIGURE 20: Net fitted rates with an EKt distribution at
slightly higher H/H ratio.
sample inhomogeneity or residual stresses in the amorphous
122lattice from rapid solidification do not affect the EMt 
distribution. We expect the increase in Mj to be 
proportional to the increase in H concentration since we 
expect H to gradually occupy existing empty sites in the 
amorphous lattice as more H is added (i.e. single phase metal 
hydride behavior). This was explained in section II.C. For 
NMR work in general, with an increasing concentration of the 
resonating nucleus a linear increase in second moment is 
expected of systems in which atomic positions are set (i.e. 
the E r* 6 of M2 is fixed). Comparing these two a-Ni 25Zr ^ H* 
samples we find that the ratio of the second moments is 1.4 
± 0.1 while the ratio of the H concentrations is 1.1 ± 0.1. 
We have no explanation for this slight discrepancy from the 
expected behavior for a single phase metal hydride (M2 a 
H/M). However, we consider this slight discrepancy 
insignificant in lieu of other data, discussed later, 
supporting M2 a H/M.
Now the ^  (T,v0) data for a sample with a different Ni/Zr 
content is shown in figure 21. To generate the theoretical 
fits for this a-Ni 5Zr 5H, , sample all the fitting parameters 
were varied once again as described for the last sample. The 
values of the fitting parameters for the best visual fit to 
the data are given in table II. Note that the only 
difference between the parameters of the two theoretical 
curves on figure 21 is the experimentally fixed Larmor 
frequency v0. Once again, we find that our model can
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FIGURE 21: Net fitted rates with an distribution for a
different Ni/Zr ratio.
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successfully explain the frequency and temperature dependence 
of R1.
Figure 22 shows the dependence of R1 on H concentration 
explicitly for a-Ni 5Zr.5Hx samples, while the fitting 
parameters used to generate the theoretical curves are given 
in table II. Again, we have shown that the BPP description 
of R1djpotar with a Gaussian distribution of activation energies 
can be parameterized to match our data. The spin-lattice 
relaxation rate increases with increasing H concentration and 
the temperature dependence of R1 (i.e. the shape of the 
curves on this plot) remains constant as H/M changes. This 
increase in the magnitude of R1 while the relative 
temperature dependence of R1 remains constant can be fit to 
our theoretical model with an increasing M2. As discussed 
earlier, for a single phase metal hydride system we expect M2  
and H/M to be proportional to each other. Table III contains 
the various ratios of M2 and H/M for this data; these ratios 
indicate that, within experimental uncertainty, M2 is 
proportional to H/M for a-Ni 5Zr>5Hx.
TABLE III: Ratios of M2 and H/M for a-Ni 5Zr SHX.
I Samples compared x ratios Mg ratios
x = 0 . 6  to 0 . 8 0.75 ± 0.25 0.87 ± 0.05
X H o • 00 ft 0 H • H* 0.73 ± 0.17 0.79 ± 0.04
x= 0 . 6  to 1 . 1 0.55 ± 0.15 0.68 ± 0.03
(ZIH3H) 
tH
100
100
i/o = 32 MHz
A X - 0.8 
* X-0.6
THEORETICAL FITS
0 2 4 6 8 10
1000/T ( K-1 )
FIGURE 22: Net fitted rates with an EKt distribution and
with variable H/M ratio.
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For a-NiZr alloys containing phosphorous and for an a- 
Ni 6Zr 4H 8 sample more R, data has been collected as a function 
of temperature and Larmor frequency. In all of these cases 
our BPP model with a Gaussian EKt distribution fits the data 
well, and the parameters used for these fits are given in 
table II. Note that for each sample one set of fitting 
parameters is used to fit both the temperature and frequency 
dependence of the data. Note that for (NiZr) 97P qjH,, ,, 
because of the low H concentration Bipolar is quite small and 
R1 is dominated by R1e, thus the only fitting parameter that 
could be determined from this data was T/R1e, the Korringa 
constant (see table II).
With our fitting procedure the errors in our fitting 
parameters fall into two categories. First, when comparing 
parameters for a single sample composition( i.e. fixed Ni/Zr 
ratio and P content but varying H/M ratio) our analysis is 
sensitive to slight variations in these fitting parameters 
and errors are primarily due to statistical variations in our 
data. In this case the errors in our fitting parameters are: 
T/R1e - ±5 secK, M2 * ±500 (kHz)2, E0 - ± 10 meV, A * ± 5 meV, 
t 0  = ±15%. Secondly, when comparing parameters between 
samples of different composition (i.e. variable Ni/Zr ratio 
or P content) our analysis is significantly less accurate 
because of the dependence of a given parameter on the values 
of the others. In this second case the errors in our fitting 
parameters are: T/R1e and M2 as above, E0 = ± 150 meV, A *  ±
50 meV, log(r0) = ±102. This large magnitude of error on r0
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is due to the exponential dependence of t 0  values on errors 
in Eg.
2. Samples containing some deuterium
Now we turn to our results on deuteron NMR of these same 
amorphous Ni-Zr alloys. In a completely analogous manner we 
loaded some of our samples using deuterium (D) gas rather 
than hydrogen (H) gas; some samples were loaded with both D 
and H while others had only D. Thus deuterons f2!!) rather 
than protons (1H) are the interstitial nuclei in these 
samples. In a first approximation deuterium is chemically 
the same as hydrogen; our measurements will test how closely 
deuteron motion resembles proton motion in these alloys.
After making these metal deuterides, analogous R, 
measurements were made for deuterons with some modifications 
to the NMR experimental apparatus. The deuteron*s 
gyromagnetic ratio yD is about 6.5 times smaller than the 
proton's (Yh) / thus a deuteron NMR signal is much weaker than 
a corresponding proton NMR signal. The use of a seven Tesla 
superconducting magnet gave a stronger deuteron resonance 
than would have been possible at 2 Tesla in the iron-core 
electromagnet. Because of the geometry of the
superconducting magnet's bore, i.e. cylindrical, we had to 
construct a new probe for this magnet. The major difficulty 
in designing this new probe was how to locate the tuning 
capacitors for the probe's tank circuit as close to the 
sample coil as possible, yet: 1 ) keep the capacitors as
103
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thermally Isolated as possible from the sample, and 2 ) enable 
adjustment of these variable capacitors from outside of the 
magnet, approximately 18 inches away. With the assistance of 
the machine shop, after a few prototypes we had a successful 
probe design. Some complications associated with changing 
probes included the need for: 1 ) a modified temperature
control and measurement system in this new probe, and 2 ) new 
sample coils appropriate for 46 Mhz (the frequency of the 2H 
resonance in this magnet) impedance matching. Overall, after 
the above adjustments to our experiments, the deuteron NMR 
experiments could be performed almost as easily as the proton 
NMR experiments.
Figure 23 shows deuteron R1 data relative to proton data 
for samples with identical Ni/Zr content; one contains both 
H and D, and the other all H. From the shape of these curves 
it appears that similar relaxation processes are governing 
both the proton and deuteron spin-lattice relaxation and that 
the H and D spin-lattice relaxation rates differ only in 
magnitude. We must test this idea by examining the magnitude 
of spin-lattice relaxation rates expected in metal 
deuterides.
Our first guess at the R1 mechanism for the deuteron 
relaxation is magnetic dipole-dipole interactions between 
hydrogen and deuterium nuclei modulated by H and D motion. 
This relaxation would still be governed by diffusive H and D 
motion and all of our earlier equations for Rld(polar (due to H- 
H dipolar interactions) would apply to this relaxation (due
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FIGURE 23: Comparison of proton and deuteron R1 data.
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to H-D dipolar interactions) if we adjust them by a scaling 
factor. This scaling factor is determined by the ratio of 
gyromagnetic ratios for H and D and is equal to: 
(Yo/ Y h)2=1/42. This same scaling factor also applies to the 
Korringa relaxation mechanism R1. for interactions between the 
conduction electrons and the deuterons. Figure 24 shows the 
calculated R1djpolar and R1a properly scaled from our 32 MHz 
proton data to the 46 MHz deuteron data. As shown, both
Ridipoiar due to H-D dipolar interactions, and R1e due to
conduction electron *■ deuteron dipole interactions are an 
order of magnitude too small to explain our data. In an 
analogous manner, we can eliminate the possibility that D-D 
dipolar interactions could cause the observed spin-lattice 
relaxation because the effect of these interactions would 
scale with (y d/ Y h)4=!1/1794.
The next logical candidate for the R1 mechanism in these 
materials is based on the interaction between the electric 
field gradient EFG and the nuclear electric quadrupolar
moment Q. We conclude, since R1dipolar and R1e have been
eliminated as possible relaxation mechanisms, that the 
deuteron's relaxation in these samples is dominated by such 
quadrupolar relaxation effects, denoted as R1quad. For R1quad, 
as for R^dfpolar' the relaxation is caused by time variation of 
the interaction. We will model the time variations of the 
EFG in these samples exactly as we modeled the time 
variations of dipole fields, i.e. with the BPP model. In 
this case, rc is the EFG correlation time, i.e. t c  is the time
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constant for the decay of temporal correlations in the EFG as 
H and D hopping causes changes in the EFG. Thus the spectral 
density function for quadrupolar relaxation is exactly the 
same as for dipolar relaxation: J(u)«2rc/[l+(orc)z].
Next, we need the result of a perturbation theory 
calculation deriving the relaxation rate in terms of spectral 
density functions for transitions caused by such modulations 
in the EFG *■ Q interaction. The appropriate theoretical form 
of R1quad in terms of such spectral density functions for 
deuteron relaxation in metal hydrides is currently of some 
debate. In the review by Cotts he states that "the same 
formalism applies to the nuclear electric quadrupole 
interaction" that was used for the nuclear dipole-dipole
123interaction. However, in the review by Seymour he warns 
against such direct analogies between R1quad and R1d1polar, 
especially with cubic symmetry at the resonant nuclei as for 
FCC metal hydrides. 1 2 4 However, in amorphous metal hydrides 
we do not have cubic symmetry, rather, we have large 
departures from a cubic environment, and the D (or H) 
interstitial forms a strong elastic dipole. (This was 
discussed earlier in reference to Berry's mechanical 
relaxation review.) For non-cubic situations, such as ours, 
Seymour warns that "screening effects can still destroy the
125simple proportionality between" R1quad and R1d{poiar, however, 
he gives no details on how to analyze R1quad and include such 
effects. With the partial justification that the deuterons 
reside at interstitials with non-cubic symmetry, we will
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adopt the assumption that R1quad and R1dfpotir are directly 
proportional. This assumption is not strictly valid in 
general, but is valid for our a-NiZr deuteride R, data. At 
the R, maximum, R1quid and R1djpoltr have slightly different rc 
dependencies and thus are not proportional. Also, the 
proportionality constants between R1quad and R1dipolaP differ from 
the high temperature to the low temperature side of the R1 
maximum. Explanations of these matters follows.
Abragam derives for quadrupolar relaxation in liquids 
through molecular reorientation (which is analogous to the 
quadrupolar relaxation in metal hydrides caused by diffusive
125D motion) that R1quad a J(u)+4J(2u). Recall that for dipolar 
relaxation R1dfpolar a J(a)+J(2o). This difference in R1 
proportionalities causes differences in the temperature 
dependence of relaxation rates near the R1 maximum, and the 
magnitude, but not the temperature dependence, of the 
relaxation rates on both high and low temperature sides of 
the R1 maximum. In these temperature ranges, both above and 
below the maximum, R1puad and R1dipolar are indeed proportional 
in the BPP approximation. This is true since with the BPP 
forms for J(w) and J(2 o), the above R1quad proportionality 
reduces to 34 rc and 10/«2 rc in the respective high and low 
temperature limits. Similarly, the R1dipolar proportionality 
reduces to 10rc and 4/«2t c in the respective high and low 
temperature limits. Thus in the high temperature limit both 
Kidipoiar and Riquad are Proportional to rc and in the low 
temperature they are both proportional to (l/w2 rc). Since
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most of our data was taken at temperatures in the low 
temperature limit, we can justify the assumption that R1quad ct
R 1dfpol«r for this data.
In summary, we will directly apply our model for R1d?poltr 
with an Eact distribution to our deuteron R1 data with the 
following stipulations:
1) Although we will show theoretical curves at the R, 
maximum and on both high and low temperature sides of 
it, we realize, and take into account, that this 
analysis is not strictly applicable for data near the R1 
maximum.
2) M2 is still a fitting parameter for the magnitude of 
R, but for R1quad it loses its physical significance as 
the second moment of the resonance line. For R1quad this 
fitting parameter is proportional to the EFG and to Q.
An example of the utility of the assumption that R1quad a
R idipolar can be found in an article by Salibi, et al. on
126various BCC metal hydrides. Their analysis of NMR
relaxation rate data used only the direct proportionality 
between R1quad and R1dipolar without any of the above 
stipulations. They were able to determine activation 
energies for diffusion, and identify spin-lattice relaxation 
mechanisms using such an analysis.
Figure 25 shows our deuteron R, data on a-Ni 5Zr 5 for two 
different D concentrations compared with proton R, data and 
the corresponding theoretical fits to all these data. The 
fitting parameters for the deuteron data are given in table
Ill
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FIGURE 25: Net fitted rates with an EKt distribution for
proton and deuteron R1 data.
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IV. The temperature dependence of this data indicates that 
the deuteron motion has similar, if not identical, activation 
energies for diffusion as the proton motion. Furthermore, 
the magnitude of R1quad indicates that quadrupolar relaxation 
dominates the spin-lattice relaxation rates. Notice that the 
change in D concentration causes slight changes in the R1 
data. It is not clear if these changes are due to changes in 
or not.
TABLE IV. Measured properties of D in a-NiZr. (See page 101 
for a discussion of errors in these fitting parameters.)
Sample X
±0 . 1 (meV)
A
(meV)
U
(1 0 ’usec)
m2
(kHz) 2
N i .25Z r .75Dx 1 . 0
1.4
431 164 0.35 1 , 2 0 0
Ni.5Zr.5H 6 5Dx 0.25
0.65
388 95 5.0 1,800
Ni 6 Zr*D0 . 8 0 . 8 Indeterminate 3,100
Similarly, figure 26 shows our deuteron R1 data for a- 
Ni^Zr^ for two different D concentrations compared with 
proton R, data. Table IV gives the fitting parameters for 
the theoretical fits to the deuteron data. From the quite 
different slopes of the deuteron and proton data it is
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FIGURE 26: Net fitted rates with an E^ ,. distribution for a
different Ni/Zr ratio.
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evident that the deuteron motion has a very different EMt 
than the proton motion. Again, the magnitude of R, indicates 
that the relaxation mechanism must be quadrupolar. Also, as 
in the a-Ni5Zr 5 sample, slight changes in D concentration 
cause slight changes in the R, data.
Some R1 relaxation rate data were also taken on 
deuterons in a-Ni6Zr4. These data were taken only in the 
temperature range near the R, maximum and thus can not be 
used to extract Eact information. The magnitude of this data 
is comparable to the others, indicating that quadrupole 
relaxation is occurring in this sample also. The M2 fitting 
parameter for this data is the only reliable parameter from 
this data, and is given in table IV.
B. Low tomporaturo R1 Anomaly
We have also measured the spin-lattice relaxation rate 
R, of protons in these a-NiZr hydrides at low temperatures, 
i.e. 200 to 10 K. Figure 27 shows our Rt data over the 
entire temperature range we have studied for a-Ni 5Zr 5H x. 
The data and theoretical curves from 1000/T = 1 to 10 
(temperatures above 100 K) have already been discussed but 
are shown for the sake of continuity. This figure depicts 
how the dominant relaxation mechanism for R1 changes from 
Ridipoiar at high temperatures (above 200 K) to R1e at 
temperatures below that. Note that the lowest temperature 
data significantly deviates from the expected Korringa 
relation.
Figures 28 - 30 depict similar proton R1 data for some 
of our other a-NiZr hydrides. These data are compared to the 
best fit Korringa relation (T/R1e=constant); note that the 
theoretical fits for the higher temperatures are omitted in 
these three figures. From these data it is also evident that 
an unexpected relaxation mechanism is effective at low 
temperatures causing deviations of Rt from the Korringa 
relation. We have not been able to conclusively determine 
the cause of this anomalous relaxation rate at low 
temperatures, but we will identify it as R1anon and define it
115
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FIGURE 27: Low temperature R1 deviation from Korringa
relaxation.
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FIGURE 28: Low temperature R1 deviation from Korringa
relaxation.
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FIGURE 29: Low temperature R, deviation from Korringa
relaxation.
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as Ri»no«"Ri- (Ridipoi«r+Ri») • There are many possible explanations 
of this extra, unexpected, relaxation rate; the most 
plausible ones will be discussed below and in section Vll.c.
Investigations into the cause of R1anoa have uncovered one 
mechanism that is at least a partial contributor to it. This 
mechanism is due to the interactions of the proton dipole 
moments with magnetic Ni rich clusters that precipitate out 
of the amorphous Ni-Zr lattice. These Ni clusters were 
identified in these alloys by our Hungarian colleagues. 1 2 7  
Our evidence of these clusters is differences in measured R, 
values with different H loading procedures. This will be 
discussed further in section VII. C, but for now let it 
suffice to say that our normal high temperature loading 
procedures can cause precipitation of these Ni rich clusters. 
When we modified our H loading procedure so that the loading 
temperature was room temperature, we subsequently found very 
different low temperature relaxation rates.
Figure 30 shows R1 data for a-Ni 6Zr 4H 8 loaded with the 
high temperature loading procedure; hereafter this sample 
will be referred to as the HTHL sample. Comparing this to 
figure 31, which depicts R1 data for a sample of the same 
composition but loaded with H at low temperature, we see that 
the Rt data on the low temperature H load sample (the LTHL 
sample) follows a Korringa relation very well. It is also 
important to note that the magnitude of R1 is less for the 
LTHL sample than the HTHL sample. Thus we conclude that the 
magnetic Ni clusters cause spin-lattice relaxation in the
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FIGURE 30: Low temperature R1 anomaly for a high temperature
H load sample.
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FIGURE 31: Korringa relaxation for a low temperature H load
sample at 83 MHz.
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HTHL sample that Is not occurring in the LTHL sample.
This appears to indicate that R1anM is due to these 
magnetic Ni clusters, however all of our R1 data cannot be 
explained with this mechanism. More R1 data for this LTHL 
sample was taken with a 34 MHz Larmor frequency and is shown 
in figure 32. Pronounced deviations from the Korringa
relation exist. Thus the relaxation caused by magnetic Ni 
clusters identified above appears to not be the only cause of
R1ano»*
By subtracting R1e from the measured R1 in the low 
temperature region (< 100 K) we can roughly quantify R1anoni for 
all of our low temperature data. The values of R1tnom 
calculated in this way are in table V. All samples have R1anoni 
that are approximately temperature independent, an upper 
limit on the temperature dependence of R1an0M is that Eact must 
be less than 2 meV.
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FIGURE 32: Low temperature R1 anomaly for a low temperature
H load sample at 34 MHz.
TABLE V: Measured approximate R1anaa rates.
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Sample
v 0
(MHZ)
Ni*no«
(HZ)
Ni.2 5Zr.7 5H, 83 0.15
Ni.5Zr.5H, 83 0.06
29 0.08
Ni.6 Zr.4H,, a 83 0.3
** HTHL ** (Ni clusters found)
Ni.6Zr.4H0 .8 83 No anomaly
** LTHL **
34 0 . 1
(NiZr) .9 3P.0 7H1 0 83 0 . 1
▼II. DISCUSSION 
A. Properties of H motion in e-NiZr
First, a discussion of the implications of our R, data 
in the diffusion dominated range of temperatures will be 
presented. We see that the distribution of activation 
energies for diffusion varies with Ni/Zr concentration and 
remains constant with changes in H concentration (recall 
table 4.1). We also observe that Mg and H/M are proportional 
to each other in these samples.
The observation that M2 a H/M indicates single phase 
behavior of these amorphous metal hydrides over the 
concentration range measured (~0. 6  to 1.5 dependent on 
sample). The expectation of single phase behavior in this 
system is derived from many sources. The P-C-T behavior 
measured by Batalla, 2 5 Spit, 3 8 and Aoki7 0 all indicate single 
phase behavior. Further, Richard's theoretical work (see 
section II.D.2.) would predict that H/M must be less than 0.4 
for two phase behavior to occur.
It is important to note our observation that the Eact 
distribution for H motion in a-NiZrH of a fixed Ni/Zr 
concentration does not depend on the concentration of H. We 
know from previous investigations (recall section IV. B.) that 
changing the H concentration changes the relative occupation 
of site types in a-NiyZr y^H,. However, varying occupation of
125
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the Interstitial H site types is not reflected in a change in 
the Elct distribution. For example, if we apply the HCT model 
of H site occupation to a-Ni 5Zr.5Hx we see that the relative 
occupation of the three different site types changes 
drastically from H/M * 0.6 to 0.8 (see table VI).
TABLE VI: Variations in occupied site types in the HCT
model.
Sample
.......... ...... . ...|
Percentage of H per
site type in HCT model
4Zr 3ZrlNi 2Zr2Ni
"1.25^.75^5 40 53 7
NiaZr^H,.* 38 50 13
Ni.5Zr.5H 6 2 0 80 0
Ni.5Zr.5H 8 15 60 25
Ni.5Zr.5H,., 1 1 44 45
Ni.6Zr.4H 3 6 36 58
In fact, as shown in table VI, the H site occupation of 
Ni 5Zr SH, , more closely resembles that of Ni 6Zr 4H 8 than 
Ni>sZr SH 6. However experimentally, we see no change in R, (T) 
and therefore, no change in the EKt distribution with 
changing H/M. The EKt distributions for Ni 5Zr 5Hx samples of 
different H concentrations are identical, while the Eact
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distribution of H within Ni 6 Zr.4H 8 is vastly different from
that of H within Ni 5Zr SHX. This indlsateg that the
distribution of H site energies does not directly correlate 
with the distribution of H activation energies for motion.
A second important conclusion can be drawn from our 
observation that R, (T) and therefore the diffusive properties 
of H motion in a-NiZrH with fixed Ni/Zr concentration do not 
depend on the concentration of H. This indicates that 
blocking effects to the H motion are negligible in the range 
of H concentrations studied (H/M ~ 0.6 to 1.6 dependent on 
sample). We expect blocking of H motion by neighboring 
occupied sites to effect a H/M concentration dependence to 
r0, the correlation time prefactor. An example of this 
blocking effect on r0 was experimentally found by Korn and 
Goren. 1 2 8 For classical motion to a nearest neighbor the H 
concentration (H/M=x) dependence of Tq* 1 is l-(x/1.9), where
1.9 is the maximum H/M ratio in the HCT model. This model 
predicts, that for a-Ni 5Zr 5HX with x=0.6 to 1.1, r0 would 
vary by 50% however, we found no variation of r0 with our 
fitting procedure, which is sensitive to 15% variations in 
r0. Similarly, our (NiZr)-9 8P.0 2HX data for x=0.3 and 1.0 shows 
no r0 dependence on H concentration while the above model 
predicts a 50% change in r0. The lack of blocking effects in 
the H motion in these samples indicates that H motion is not 
restricted to the 1.9 sites per metal ion of the HCT H 
occupation model. Rather, it seems that for blocking effects 
to the H motion to be negligible, that H must be able to hop
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among all of the tetrahedral interstitials in the amorphous 
lattice (total tetrahedra per metal ion in amorphous
structures is in the 5-6 range) . 1 2 9 utilizing this as the 
total number of available H sites per metal ion rather than
1.9 from the HCT model, the predicted r0 variations are 
smaller, or as small, as our accuracy in r0. This agrees 
with our observation that r0 is independent of H 
concentration.
A qualitative model to explain both of these deduced 
properties of H motion within a-NiyZr,.^ will be presented 
now. In order to explain both the lack of blocking effects 
for H motion, and the independence of hydrogen's diffusive 
properties to the relative occupation of different
interstitial sites, H must diffuse among all of the
interstitial tetrahedral site types in a-Ni.Zr,.yflxX_RQ£ only 
the occupied sites of e.g. the HCT model. This assertion 
seems to contradict the extensive evidence (see chapter IV.) 
that H selectively occupies certain interstitial sites as in 
the HCT model. Note that the lZr3Ni and 4Ni sites are
unoccupied in the HCT model and the previous results on a-
NiZr summarized in section IV.B.2. To explain this apparent 
contradiction, we assume that the motion of H among the 
lZr3Ni and 4Ni sites is extremely fast. The postulated 
motion among these sites (lZr3Ni and 4Ni) must have a very 
small EKt. Along with this small E^, the mean residence 
time at these sites must be short, in consideration of 
observations of zero occupation for these sites.
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The constancy of the EKt distribution with changing H 
concentration indicates that the H jump process is the same 
throughout the range of concentrations we have studied. This 
is evidence that the host lattice of a-NiZr prior to H 
absorption determines the E ^  distribution. In contrast to 
this Shinar found (with an analysis of NMR relaxation rates 
similar to ours) that E0 changed by a factor of six from 
x=0.2 to 1.3 in the disordered crystalline Hf 3 3V 6 7HX and 
Zr.33V 6 7Hx systems. 1 0 2 Similarly, our widths of the E8Ct 
distribution also stayed constant with changing H 
concentration, while theirs varied by factors of two or 
three.
This is the first NMR study of H motion in an amorphous 
metal system in which the EMt distribution was studied as a 
function of H concentration and host alloy composition (i.e. 
Ni/Zr concentration) and it establishes the sensitivity of 
NMR H motion studies as a probe of amorphous metallic 
structure. We conclude that the host amorphous metal 
determines the EKt distribution without significant 
dependence on H concentration. It has been stated by many 
previous authors that H is a probe of atomic structure, but 
the interesting result we find is that H concentration does 
not affect the EKt distribution. However, it has not been 
conclusively established exactly what the EMt distribution of 
H motion indicates about the amorphous metallic structure. 
In an attempt to correlate our measured Eact distribution to 
some aspect of the amorphous metallic structure, we compared
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our EKt data with the HCT site occupation model This 
produced no correlation of EKt with this site occupation 
model. Another attempt at correlating the E^ distribution 
to amorphous metallic structure is Richard's theoretical 
model. He attempted to correlate the EKt distribution 
directly to the RDF of the amorphous metal, however direct 
application of this model to our system proved fruitless (see 
section V.C.5).
Even without a direct correlation from E^, distribution 
to atomic structure a plausible model for the cause of EKt 
distributions in amorphous and disordered crystalline alloys 
is the randomness of atomic positions. This is the model 
used throughout this dissertation to argue for the existence 
of an EMt distribution, and is the basis of both Richard's 
and Kirchheim's theoretical models.
A comparison of various E^ distribution from NMR 
studies of disordered crystalline and amorphous systems 
supports this model, i.e. randomness of atomic positions as 
the major cause of (but not the sole contributor to) an EKt 
distribution. The width of various E ^  distributions best 
illustrates this argument. In separate disordered
crystalline systems Lichty found A= 60 meV and Shinar found 
a range of widths dependent on sample composition with A-27 
to 6 6  meV with one anomaly at 13 meV. Our data indicates A= 
92 to 224 meV; note that this width is in general agreement 
with the widths of E ^  distribution for H motion in other 
amorphous metals. Thus A is larger for amorphous systems
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than disordered crystalline ones in agreement with the fact 
that amorphous metals have larger deviations from crystalline 
order (and therefore a single EMt) than do disordered 
crystalline systems.
The insensitivity of the Eact distribution for H motion 
to the site types of the HCT model emphasizes the point that 
H site energies do not totally determine activation energies
for H motion. The saddle point energies also affect Eact
(recall figure 3). This contradicts both Kirchheim's and 
Richard's model for H dynamics in amorphous metals, in which 
they assumed the saddle point energies are constant and that 
site energies totally determine EKt. Hopefully this research 
will stimulate more interest in the inclusion of saddle point 
energies for EKt determinations.
B. Properties of D notion in a-NiZr
We find that the deuteron's motion in these a-NiZr 
alloys, is comparable, but is not identical for all Ni/Zr 
concentrations, to the H motion discussed earlier. The spin- 
lattice relaxation was dominated by quadrupolar interactions 
modulated by H and D diffusion throughout the temperature 
range studied, i.e. 150 to 500 K.
The EMt distribution for H and D motion in a-Ni 5Zr 5H 6 5DX 
was identical to the Eact distribution for H motion in a- 
Ni 5Zr 5HX. This corroborates: 1) our classical over-the-
barrier jump model for H motion, and 2) our earlier 
observations for H motion in a-NiZr that the E ^  distribution 
is established by the host a-NiZr amorphous lattice and not 
affected by the interstitial H. For this Ni/Zr concentration 
it is also true that interstitial D does not affect the 
distribution.
The classical over-the-potential-energy-barrier jump 
model is supported by this data since, in this model the E^ ,. 
distribution is set by the lattice as the difference between 
site and saddle point energies and is unaffected by mass 
changes of the interstitial. Furthermore, the mass 
dependence of the pre-exponential prefactor r0 is m"\ 
However, since the spin-lattice relaxation in the deuterides
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is quadrupolar rather than dipolar we cannot make an accurate 
determination of r0's dependence on mass. In fact it should 
be noted, that our values of r0 in table VII are subject to 
at least one order of magnitude error because R1quad and R1d{polar 
are not proportional at the R, maximum.
For the a-Ni 25Zr sample we have a slightly different 
situation. In this sample, the E^ distribution for D motion 
has the same mean value E0 but a width A that was 1.5 times 
wider than the EKt distribution for H motion in a-Ni 25Zr ^ H*. 
This indicates that deuterons in a-Ni 2 5Zri75 experience more 
low Eact jumps than the protons in this material, and 
correspondingly, that the more massive interstitial needs 
less energy for its jumps. This observation is in direct 
contrast to all of our other measurements that had indicated 
the H interstitial, and its concentration did not affect the 
E ^  distribution.
Another observation for the deuteron R, data for both a- 
Ni sZr s and a-Ni ^ Zr 7 5 samples is that changes in D 
concentration cause slight changes in R, temperature 
dependence. Once again, this is in direct contrast with our 
proton R, measurements. However, this can be attributed to 
interstitial induced EFG changes with changing D 
concentration that do not occur with the dipole-dipole 
interaction. As Seymour warns, screening effects can cause 
complications with proton «* deuteron R, rate comparisons.
It is possible that the correlation time rc for the EFG 
is somewhat different than rc for the Hlocal fields. Both the
134
EFG and a dipolar magnetic field depend on r'3 (r=distance 
from nuclei), however It is known that the EFG can be 
affected through means other than the r* 3 dependence on 
nuclear positions. 1 3 0 These effects on the EFG are called 
shielding effects and are due to disturbances to the electron 
density of core electron states near the nuclei from EFG 
external sources (i.e. other atoms). However, for dipolar 
magnetic fields the r*3 dependence on nuclear positions is the 
only way dipolar magnetic fields can be affected. A more 
detailed explanation of how the EFG is affected by the 
interstitial is outside the scope of this dissertation.
The magnitude of R1quad in these metal deuterides contains 
information about the EFG experienced at the interstitial 
site. To calculate the EFG we will use the following
125formalism based on the calculation in Abragam discussed 
earlier in the results section on deuteron NMR. From Abragam 
we have
*lguad = (1+J£> ( 2 *|£g) 2 {j-(«0) + 4Jr(2«0)} (17)
where tj is the asymmetry parameter for the EFG, and g is 
d^/dz2, i.e. the EFG along the principal axis. We will 
simplify R1quad by defining the electric quadrupole coupling 
constant vQ*eQq/h, and by assuming the asymmetry parameter 
averages to zero due to the random nature of the geometry of 
interstitials, and the orientation of the principal axis.
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Ri«i»d = ^(®o) +4«J(2o0)} <18>
Utilizing equation 8  for J(u) in the low temperature limit 
( g»0 t c » 1 )  we have:
Riqutd = ~ V0  ^ao2xJ
Similarly, if we recall equation 11 for R1dipolar, and evaluate 
its low temperature limit we have:
R i  dipolar s  ~2 ^2  ^  2T  ^ (20)
w o Tc
Thus we can straightforwardly calculate vQ, and if we assume 
Q = 2.73 X 10*3 1 m2 as stated in the Handbook of Physics and 
Chemistry1 3 1 we can also calculate the EFG at the interstitial 
site. These values are given in table VII, note that these 
vQ are of the same magnitude as those recently calculated by 
Salibi et al. for metal hydride systems with the metallic 
nuclei Ta, Nb, and V . 1 2 6
136
TABLE VII: EFG (q) and vQ from magnitude of H and D spin-
lattice relaxation.
Sample V Q
( k H z )
q
(V/A2)
Ni.2 5Zr.7 5D, 10.4 1.5
Ni.5Zr.5H.6 5Dx 12.7 1.9
Ni.6Zr.4D0 .8 16.7 2.5
c. Electronic properties at the H nuclei in a-NiZr
In chapter VI the Korringa constants were determined 
from the fits to the R, data. These constants are the only 
source of information about the electronic character of these 
metal hydrides that we have gathered. As explained in 
section IV.D. the inverse of the Korringa constant is 
proportional to the square of the probability for electrons 
to be located at the hydrogen nucleus and the square of the 
density of states at the Fermi energy. The properties of the 
measured Korringa constants (T/R1e) in a-NiZrH are: a) T/R1e
is unaltered by changing H concentration for a given Ni/Zr 
concentration, b) T/R1e varies with changing Ni/Zr 
concentration (see table II).
In a review of the electronic structure of amorphous 
metals by Johnson and Tenhover they explain that in a-NiZr 
alloys (with no H) the Zr 4d band is at the Fermi level, thus 
the conduction electrons are primarily these Zr 4d
132electrons. Furthermore, the addition of H will not
significantly alter the electronic structure of these alloys 
and will be treated as a perturbation to the electronic 
structure of a-NiZr without H. The primary effects of H on 
the electronic characteristics of a-NiZr will be assumed to 
be: a) a lowering (by 3-5 eV) of the metallic ion's s-like
137
138
electron states near the interstitial hydrogen, and b) "the 
electrons from the hydrogen must be accommodated in the empty 
states at the Fermi energy which are characteristic of the 
host d-metal".133 Note that when Switendick made this 
statement in his review of electronic properties of metal 
hydrides he was discussing the general character of 
electronic states for some specific metal hydride systems. 
These were the crystalline Pd-H, Ti-V-H, V-H, and Cr-H 
systems (and systems very closely related to these), of which 
a-NiZr was not explicitly included. However, we will assume 
that the electronic characteristics of the a-NiZr and Ti-V 
conduction electron states are similar, since both are TM 
binary alloys and the Fermi levels of both alloys are 
dominated by the d electron states of the early transition 
metal.
In direct contrast to the T/R1# behavior in a-NiZrH is 
the behavior of the Korringa constant of hydrogen in 
crystalline NiZr. Aubertin et al. found for crystalline 
Ni 33Zr 67HX that changing H concentration has a large effect 
on the Korringa constant.111 Our values of T/R1e (see table
II) are approximately the same magnitude as theirs, which 
were T/R1e = 155, 126, and 116 for H/M * 0.67, 1.0, and 1.5; 
note that each of these concentrations are different hydride 
phases. We take the position that these changes in T/R1#, 
with changing H concentration, in the crystalline sample are 
caused by the different phases in this system, while the 
constancy of T/R1e in our amorphous samples exemplifies its
single phase behavior. This difference in Korringa constant 
behavior between crystalline and amorphous NiZr hydrides is 
a good example of the differences in phase behavior between 
crystalline and amorphous metal hydrides. This reflects the 
fact that the symmetry of the unit cells in crystalline 
alloys can be drastically altered by addition of H (i.e. a 
phase change occurs) while in amorphous alloys addition of H 
merely perturbs the symmetry of the unit cells and has not 
been found to cause phase changes.
D. Possible explanations of low temperature R, anomaly
In an attempt to explain our spin-lattice relaxation 
rate (R,) data many possible explanations for the anomalous 
relaxation rate were examined. Below is a discussion of some 
possible explanations for this anomaly.
1. Ni rich magnetic precipitates
The identification of magnetic Ni precipitates has been 
performed primarily with magnetic susceptibility
measurements. The first such study of the magnetic
properties of a-NiZr alloys found that a-(Ni 5Zr 5) 100.XPX 
glasses were "very homogeneous from the magnetic point of 
view"; further, they found only 1-13 ppm of crystalline Ni in
134the samples. With these impurity levels for magnetic Ni,
R, from these magnetic impurities is bordering on being 
negligible.
Early evidence of significant amounts of magnetic Ni 
clusters in these materials was found by Spit, et al.135 
After 100 cyclic sorption and desorption cycles, he found 
from magnetic susceptibility measurements that the sample was 
superparamagnetic with 1.7% of the Ni atoms now in a magnetic 
state.
More evidence of high concentrations of Ni rich clusters
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In the a-NiZrH system was found by magnetic susceptibility 
and scanning transmission electron microscope measurements.127 
After heating a-Ni 6Zr-4 samples to 460 K and holding them at 
high H2 gas pressure (35-40 atm.) for 12 hours or more, 
magnetic Ni rich clusters precipitated causing dramatic 
changes in the magnetic susceptibility. These Ni rich 
regions were identified as amorphous rather than crystalline. 
The precipitation of magnetic Ni clusters was dependent on 
the H atmosphere, without it (and thus without interstitial 
H in the alloy) no such clusters were formed.
For our investigations, after we became aware of the 
probability of magnetic Ni clusters in these materials, we 
were concerned that our typical H loading procedures (T«450 
K and P«150 atm.) might cause precipitation of magnetic Ni 
rich clusters. We attempted to eliminate (or reduce) such Ni 
clusters by loading a sample of a-Ni 6Zr 4 with H at 390 K 
rather than 450 K. After approximately a week in the high 
pressure H atmosphere the H overcame the ZrOz surface layer 
and was absorbed into the bulk. As shown in section VI.B., 
we appear to have been successful in eliminating, or at least 
reducing, the Ni rich magnetic precipitates with this low 
temperature H loading procedure.
The mechanism for spin-lattice relaxation due to these 
magnetic Ni precipitates is spin diffusion from the large 
electronic magnetic moment of the dilute Ni precipitates to 
the protons of the system. Explanations and theoretical 
derivations of R, for this process can be found elsewhere136'137
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and are not critical to our discussion. Suffice it to say, 
that the magnetization of the large magnetic moment of the Ni 
impurity is transferred through the proton spin system by 
spin diffusion to the various protons in the spin system.
It should be noted that all identifications of magnetic 
Ni precipitates in the a-NiZrH system have been on samples 
with compositions approximately a-Ni-6Zr_4. To the best of
the author's knowledge, no evidence of Ni precipitates has 
been found in a-Ni 5Zr5 and samples with lower Ni 
concentrations. It is plausible that the concentration of Ni 
precipitates in these samples are much lower; research on 
this matter is necessary.
2. A second type of hydrogen motion with effective fl1dlP0lar
at low temperatures
We have already established that H motion with an Esct 
distribution for motion causes spin-lattice relaxation in the 
100-500 K temperature range. But this motion's effect on R1 
decreases exponentially with temperature and below 
approximately 100 K this motion is so slow that its effect on 
R1 is negligible. However, a plausible explanation of our 
measured low temperature R1 anomaly is that a very low EKt H 
motion is occurring so that even at low temperatures the 
motion is fast enough to affect R1.
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To test this quantitatively a second, lower EKt 
distribution was combined with the original Eact distribution 
using a BPP model for R1 and Arrhenius activation for re. The 
relative strength of the low and high EMt contributions to R1 
were variable, as were r0 and EKt (one discrete value) for 
the low Eact contribution. Our attempts to fit our data and 
predict the low temperature R1 data with this model were 
unsuccessful. However from the temperature dependence of our 
data we have surmised that Eact must be less than 2 meV to 
explain the temperature independence of R1an0ll with this model.
Because of the low energy of this conjectural motion it
may not be classical over-the-potential-energy-barrier
motion, but rather phonon assisted tunnelling through the
potential energy barriers. With such a change in the
mechanism causing H motion, the temperature dependence of the
hydrogen hopping rate (and re*1) would no longer be simply
exponential in inverse temperature. Hempelmann, et al. have
measured the jump rates vjl|T for muons undergoing non-
classical motion at low temperatures in copper and 
138aluminum. They found that as temperature decreases the 
jump rate changes from v ^  a exp (-E^/kgT) (Arrhenius 
behavior) at temperatures > 100 K, into an intermediate 
region (10 K < T < 100 K) in which Vj^ is only weakly 
dependent on temperature, and then at temperatures < 10 K to 
Vjuip a exp(Egct/kgT) (the inverse of Arrhenius behavior). 
Considering that our R, data for temperatures from 100 K to 
10 K indicates R1anoa is approximately temperature independent,
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it is possible that a weakly temperature dependent H hopping 
rate, analogous to the muon rate just discussed, is causing 
Kianoai* A good means of testing this hypothesis would be 
inserting Hempelmann's measured vj,^ , values into our model 
for R1d(polar (equation 11) and checking the fit to our data. 
This is suggested for future research on this system.
3. Two phase behavior at low temperatures
As discussed in the introductory section there has been 
no experimental confirmation of a phase transformation (with 
varying hydrogen concentration) in amorphous metal hydrides. 
Thus amorphous metal hydrides appear to be single phase 
systems while crystalline metal hydride systems have multiple
139phases (e.g. the Ta-H system has nine phases).
The possibility of a low temperature phase separation 
affecting our R, measurements will be explored now. The 
clustering of H atoms associated with the phase separation 
can affect R1 because of the affect of clustering on Mz. The 
clustering will cause a splitting of the second moment with 
M2 of the H at the edge of the cluster smaller (because of 
lower H concentration) than before the phase transition, and 
M2 of the H at the interior of the cluster larger (because of 
higher H concentration) than before. As discussed earlier, 
R1 is proportional to second moment, therefore the increasing 
portion of M2 causes an increase in R1f and at first glance 
may explain the unexpectedly high R, at low temperatures.
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But the decrease in R1 as temperature decreases is 
approximately exponential for our model of R1d)pollir, and a 
linear increase in R, from an increasing Mj cannot compensate 
for this over an appreciable temperature range.
4. Paramagnetic impurities
The possibility that paramagnetic impurities are causing 
the low temperature deviations from Korringa relaxation has 
not been eliminated. Paramagnetic impurities such as Gd have 
been shown to affect R, even with impurity levels as low as 
20 ppm.137 The impurity content of our samples is not known, 
however, our colleagues who supplied the amorphous metals 
attest to their high purity. The magnetization of the large 
electronic magnetic moment of the conjectural paramagnetic 
impurity would cause spin-lattice relaxation in exactly the 
same manner as discussed above for magnetic Ni precipitates.
5. Miscellany
There is evidence in other metal hydride systems of 
quadrupolar cross-relaxation between quadrupolar metal nuclei 
and protons causing low temperature spin-lattice
relaxation.140,141 In our system this mechanism may be 
occurring with the 11% abundant 91Zr nucleus. However, we 
find that our low temperature R1 data does not appear to 
depend on frequency, while such a quadrupolar cross­
relaxation would depend strongly on frequency. Lichty 
utilized the frequency and the V/Nb concentration 
dependencies of low temperature R, measurements to identify 
this relaxation mechanism in the V-Nb-H and the Ta-H
140systems. In these systems, the Ta and Nb quadrupolar 
nuclei have almost 100% abundances. Further evidence casting 
doubt on quadrupolar cross-relaxation as an R1anaR mechanism 
for the a-NiZrH system is that we find no Ni/Zr concentration 
dependence of R1anai; we would expect increased R1anon with 
increasing concentration of the quadrupolar nuclei, i.e. Zr. 
Considering the low abundance of the Zr quadrupolar nuclei 
and the lack of Ni/Zr composition or Larmor frequency 
dependence of R1an0M, it is unlikely that quadrupolar cross­
relaxation from metal nuclei to protons contributes to spin- 
lattice relaxation in the a-NiZrH system.
▼III. CONCLUSIONS
Hydrogen diffuses through these amorphous NiZr alloys 
with a distribution of activation energies. Using BPP 
approximations with thermally activated jump times and a 
distribution of activation energies, we have successfully 
predicted the effects of motion on R,, including temperature 
dependence of R1 and frequency dependence of R1. The 
distribution of activation energies indicates that the 
positions of the metal ions that define an interstitial vary 
from one interstitial to the next. This is indicative of the 
random packing of atoms that occurs in amorphous metals. The 
widths and central values of the distributions of activation 
energies are consistent with other research on similar 
systems. Our measurements established that the energy 
necessary for hydrogen to hop from well to well in these 
systems is not single valued. Our model of a Gaussian Eact 
distribution fits our data well.
We conclude from the observation that Mj a H/M that 
these metal hydride systems are single phase from H/M=0.6 to 
1 . 6 .
From our measurements of the Korringa constant for 
protons in a-NiZrH and comparison of this with previous 
Korringa constant measurements in the crystalline Ni-Zr-H
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system, we conclude that the phase behavior of the 
crystalline and amorphous systems each separately determines 
the respective H concentration dependence of the Korringa 
constant.
From our low temperature (i.e. < 100 K) R, measurements 
we conclude that high temperature loading leads to 
precipitation of magnetic Ni rich regions from the 
homogeneous a-NiZr lattice, causing unexpectedly strong spin- 
lattice relaxation. Furthermore, deviations from
T/R1e-constant exist indicating that one or more additional 
mechanisms are causing spin-lattice relaxation at these low 
temperatures.
Our study of D motion was not as thorough as our study 
of H motion, but we have conclusively determined that the 
deuteron spin-lattice relaxation rate is dominated by 
quadrupolar relaxation Also we have found that the jump 
rates of D motion are similar to H motion in magnitude and 
that D motion is governed by a distribution of activation 
energies for diffusion.
For H motion, we have found that the EKt distribution 
remains constant with changing H concentration while it 
varies with changing Ni/Zr concentration. Utilizing this 
observation we conclude that
a) the host a-NiZr lattice prior to H sorption 
determines the EKt distribution for H motion and that 
addition of H does not significantly perturb the ETCt 
distribution,
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b) the varying occupation of H site types (see e.g. the 
HCT model) is not reflected in changes in the Eact 
distribution
c) H site energies do not totally determine the EKt 
distribution, saddle point energies must also be 
considered.
Our measured independence of r0 to changing H 
concentration indicates that blocking effects to the H motion 
are not significant in these concentration ranges (H/M=0.6 to 
1.6) Combining this point and point b), we conclude that H 
diffuses among all of the interstitial tetrahedral site types 
in a-NiZrH. Thus H motion is not restricted to the occupied 
sites of the HCT model (i.e. 4Zr, 3ZrlNi, 2Zr2Ni), rather 
motion through the lZr3Ni and 4Ni sites must also occur.
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